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Abstract
Brachytherapy is an important therapeutic modality in modern cancer treatments. HDR
Brachytherapy involves one highly radioactive source that is placed in different posi-
tions inside the prostate to deliver planned dose to target volume. LDR Brachytherapy
includes implantation of multiple 125I seeds within the prostate to deliver a planned
dose to the target. To ensure that the quality of source positions is accurate and effec-
tive at treating cancer it is extremely important to provide effective Quality Assurance
(QA) measures and verification of source positioning during treatment. Currently, im-
age guidance systems such as Trans Rectal Ultrasound (TRUS), Cone beam Computer
Tomography (CBCT), and C-arm CT machines are employed in cancer centres to pro-
vide image guidance of source positioning during treatment. These systems are limited
in either resolution, lack of real-time image guidance, or delivering additional imaging
dose to the patient. This causes suboptimal dosimetry and high toxicity to surrounding
critical organs.
A new device known as Brachyview developed at the Centre for Medical Radiation
Physics (CMRP), University of Wollongong is presented in this Thesis. Two prototype
probes for LDR and HDR Brachytherapy have been developed. Analytical modelling
and Monte-Carlo simulations have been performed on pinhole geometries to establish
a collimator design for the prototype probes. A real-time reconstruction software for
ii
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HDR BrachyView has been developed and validated experimentally. Pre-clinical ex-
perimentation using a tissue equivalent prostate gel phantom was performed for both
systems (HDR and LDR). A 3D visualisation software was developed. Coregistration
technique between TRUS and BrachyView has been evaluated utilising the developed
visualisation software.
The Brachyview system provides high-resolution imaging and has the potential to be
able to resolve the position of the HDR and LDR source with good accuracy and provide
fast data accusation for intraoperative treatment. The complete system (software and
hardware) combined with TRUS has the potential to provide anatomical, dosimetric and
seed positioning information within a single interface in real-time. This will eliminate
the need for additional radiation to the patient from external imaging.
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Introduction
Prostate cancer is an abnormal growth of cells in the prostate gland forming a tumour.
Without treatment, these abnormal cells may spread to other organs, in particular bones
and lymph nodes, which can be life threatening. From the introduction of the prostate-
specific antigen (PSA) blood test and an increase in the ageing population the incidence
of prostate cancer has climbed almost exponentially in the past two decades [4, 5]. In
Australia approximately 20,000 men are diagnosed with prostate cancer killing 3,300
men every year [6]. Within the last decade there has been an increase in radiotherapy
treatment, specifically brachytherapy, as an alternative to radical prostatectomy, due to
the increasing accuracy in treatment planning and resulting in reduction of dose to crit-
ical organs, such as the rectum, bladder and urethra. Transrectal ultrasound (TRUS)
is the most common and is the standard imaging modality used in prostate cancer, for
needle guidance [5]. TRUS imaging is excellent in viewing tissue volumes, however its
ability in accurate seed position verification is limited due to poor resolution, and seed
movements cause suboptimal dosimetry, which can lead to high doses given to critical
surrounding organs [5,7]. Other imaging modalities are used in conjunction with TRUS
to provide verification of seed positions. Computer Tomography (CT) is a common
imaging system used to verify both prostate anatomy and seed positions. However, it
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can be difficult to visualise the prostate due to low contrast between soft tissues, and or-
gan or applicator movement in-between imaging and treatment affects the accuracy of
the dose delivery unless imaging is performed immediately before delivery. Additional
dose delivery is also unavoidable when using CT imaging. Magnetic resonance imaging
(MRI) has been used in image-based treatment planning for prostate brachytherapy [8].
The use of MRI significantly improves image resolution of the prostate volume in com-
parison with TRUS imaging. However, it is a costly procedure and not a viable option
for every patient. Thus, the development of a seed-tracking system to monitor the loca-
tion of sources in both LDR and HDR is of high importance for better treatment quality.
A proposed new imaging modality using a TimePIX single photon counting system has
the potential to resolve the HDR and LDR source during therapy by verifying the source
placement and maintain an accurate dose delivery to the target organ.
1.1 Objectives and Overview
A semiconductor based single photon counting detector, TimePIX is the core of a novel
real time source imaging device, known as BrachyView developed at the Centre for
Medical Radiation Physics (CMRP), University of Wollongong. Two BrachyView sys-
tems are currently under development, HDR BrachyView and LDR BrachyView; each
system consists of a detector housed in a tungsten cylindrical probe with truncated knife
edge multi-pinhole collimators, for verification and quality assurance of seed position-
ing during therapy and in treatment planning using an 125I seed for LDR and 192Ir source
for HDR brachytherapy. The device is designed to be inserted into the rectum to im-
age the seeds during intraoperative treatment. The probe is capable of reconstructing
the position of a source in 3D using projections of the source through multiple pinhole
collimators and a triangulation method. The centre of mass (CoM) of each projection
is calculated based on the cluster of counts in each pixel of Timepix and then back
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projected through the corresponding pinhole to determine the source location. Using
TRUS in conjunction with BrachyView will provide anatomical information as well as
seed positioning information without giving any additional radiation to the patient for
seed imaging.
The device is housed within a rigid shell made from sterilisable plastic of medical grade,
which is inserted into the rectum and attached to the needle implant template prior to
acquiring the pre-planning CT scan. Upon acquiring the CT scan, the position of the
template relative to the prostate is precisely determined, and thus will be used as the
reference point for the operation of the probe. This method allows the BrachyView
assembly to be placed into its shell to the correct depth by an electromechanical stepper
unit to ensure that the entire prostate is covered by the BrachyView probe’s FoV during
treatment. In addition TRUS imaging may be performed through the rigid plastic shell to
monitor any anatomical changes of the prostate volume immediately before treatment
and between each fraction. Lastly, the TRUS probe is removed from the rectum and
the BrachyView probe is inserted before the commencement of treatment to monitor
the source placement relative to the prostate. During treatment, TRUS imaging may be
taken in-between fractions to account for any further anatomical changes in the prostate.
The main objectives of this thesis are to develop the final prototype hardware for LDR
and HDR BrachyView, as well as the acquisition and visualisation software to provide
seed and anatomical information in real-time with sub-millimetre accuracy.
1.1.1 Structure and Summary of Contributions of this Thesis
The thesis is divided into the following chapters:
• Chapter 2 presents a literature review.
• Chapters 3 and 4 presents a study on pinhole design and optimising geometry for
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HDR and LDR collimator systems, using analytical modelling and Monte Carlo
simulations.
• Chapter 5 presents the reconstruction algorithms and the development of the soft-
ware systems. This includers a real-time reconstruction software and 3D visuali-
sation software interface.
• Chapter 6 validates the real-time reconstruction software experimentally using a
HDR source.
• Chapter 7 presents a full clinical HDR treatment plan using a CIRS tissue equiva-
lent prostate gel phantom and the HDR BrachyView system for source reconstruc-
tion. TRUS images were co-registered with the BrachyView system and volumes
displayed using the developed visualisation software.
• Chapter 8 presents a LDR clinical study using the developed LDR Brachyview
hardware and software. This study focuses on co-registration between the BrachyView
system and TRUS system.
1.2 Contributions and Publications
The principal contributions discussed in this Thesis are as follows:
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Literature Review
The prostate gland is part of the male reportative organ system. The glad is small and is
located below the bladder and above the rectum (figure 2.1). The urethra passes through
the prostate glad to the penis. Prostate cancer occers when abnornal cells start to develop
and multiply in a uncontroled state. Prostate cancer is treated in many ways, some of
which are invasive (such as surgical removal of the organ) or non-invasive (for instance,
radiotherapy). There are a number of factors that determine which treatment is most
suitable. These include; the stage of the cancer, age and health of patient, and whether
the cancer has just been detected or has recurred [9].
2.1 Radical Prostatectomy
Radical prostatectomy is considered when the cancer is localised to the prostate volume
and has not spread to the seminal vesicles. This type of surgery involves the removal of
the whole prostate gland, including the attached seminal vesicles and the vas deferens.
The vas deferens is the muscular cord that pumps sperm from the testicles to the urethra.
The aim of this procedure is the remove of all cancerous tissue before it has a chance
to spread to other parts of the body. The most common types of radical prostatectomy
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Figure 2.1 Anatomy of male reproductive system, depicting prostate location and surrounding
organs and structures [1].
include; open retropubic, perineal, laparoscopic, and robot-assisted surgery [10].
2.2 Brachytherapy
Low Dose Rate (LDR) brachytherapy involves the placement of permanent radioactive
seed implants such as 125I and 103Pd within the prostate volume. The average energy
of the gamma ray emission for 125I is 35 keV and for 103Pd is 21 keV, these values are
of similar magnitude. 125I has a longer half life (59.4 days) than 103Pd (16.99 days),
hence, 125I has a longer period of activity. These properties mean 125I is more suitable
for treating slow growing tumours compared with 103Pd, which decays faster and is
more suited for use with aggressive tumours. High Dose Rate (HDR) and Pulse Dose
Rate (PDR) brachytherapy involve the local placement of sources dwelling for certain
periods of time in precalculated postions [11]. HDR brachytherapy has the ability to
deliver high doses per fraction safely and conformaly to the Planning Target Volume
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(PTV) [12]. One of the common radioactive sources used in HDR and PDR is 192Ir,
with γ photons with an energy range of 136 to 1062 keV and an average energy of
380 keV. Source placement is performed in different ways such as the use of Mick
applicators, preloaded needles, or by afterloading [13]. At the end of the procedure the
catheters are removed from the patent [11]. One of the main goals of brachytherapy is
to maintain as much functional outcome as possible. The criteria outlined for treatment
using brachytherapy is assessed based on its success in cancer control. Patients who fall
under this category have low or no urinary tract symptoms (LUTS). Other non-tumour
related factors that may influence the choice of treatment include life expectancy of
the patient, obesity, vascular disease or other radical complications that may limit the
possibilities for radical prostatectomy as stated by Naderi and Van Beek [14].
2.3 External Beam Radiotherapy (EBRT)
EBRT is one of the primary options for treating localised or advanced prostate cancer.
Pulses of focused x-ray beams are produced and delivered from outside the body into the
prostate. The beam is moved to different positions around the body targeting the prostate
gland and other affected tissues. The intensity of the x-ray beam may vary, which is
determined during treatment planning. This technique is known as Intensity Modulation
Radiation Therapy (IMRT) and allows an accurate conformal three-dimensional dose
delivery to the prostate volume. EBRT is usually performed five days a week over a
period of several weeks. The long-term quality of life for patients treated with EBRT
has been shown to be equally as good as radical prostatectomy and brachytherapy.
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2.4 Comparison of Major Treatment Methods
Ravery et al. compares radical prostatectomy to brachytherapy [15]. The quality of life,
economic considerations, follow up with Prostate Specific Antigen (PSA) analysis, can-
cer control and morbidity between the two treatment options are compared. Ravery et al.
has discussed the difficulty in comparing the quality of life between the two treatments.
There is a popular perception that brachytherapy causes less health related quality of
life issues compared with radical prostatectomy. Economic considerations such as cost
analysis from hospital charges, anaesthesia and pathology charges, and surgeons fees
are also assessed when determining which treatment to use. Data from the USA shows
that brachytherapy is more cost effective ($16,200) compared with radical prostatec-
tomy ($27,100) [16]. A study to compare cancer control between radical prostatectomy
and brachytherapy was conducted by Alexianu and Weiss [17]. PSA level and Gleason
score were compared; however, no significant difference in these factors was noted. De-
spite the lack of data, brachytherapy appears to be as effective as radical prostatectomy
in treating prostate cancer.
The article by Voulgaris et al. on LDR prostate brachytherapy reviews long term out-
comes of LDR prostate brachytherapy treatment, quality of life and potential side effects
(urinary, sexual and bowel functions) [11]. Data collected for 15 years from patients
treated with brachytherapy was compared with data from patients treated with radical
prostatectomy during the same period. The results show patients who where treated
with LDR brachytherapy had an overall Biochemical Relapse-Free Survival (BRFS) of
74% compared with BRFS of 66% for patients who had a prostatectomy. The study
demonstrates how favourable LDR brachytherapy is compared with radical prostatec-
tomy. Both surgery and radiation therapy (External Beam Radiation Therapy (EBRT)
or LDR brachytherapy) were found equally effective in cancer control and survival for
early stage prostate cancer.
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The overall quality of life after treatment has become increasingly important as patients
are placing equal emphasis on the expected prostate cancer survival and post-treatment
quality of life. Voulgaris et al. identified and studied the main problems associated in
functionality after treatment, which include sexual, urinary and bowel. It was observed
that patients with LDR 125I have much better sexual function compared with patents
with high dose EBRT and radical prostatectomy. With respect to urinary symptoms it
could not be established which treatment holds better quality of life. The study con-
cluded that patients who undergo radical prostatectomy suffer more urinary and sexual
problems compared with patients treated with radiotherapy (EBRT or LDR brachyther-
apy). However, bowel functions, diarrhoea and rectal bleeding are much worse with
radiotherapy. Voulgaris et al. conclude that LDR brachytherapy is no longer a new
treatment and has been established as a viable way of treating prostate cancer with high
quality results comparable with other treatment options.
Naderi and Van Beek have discussed the development, processes and other treatment
modalities used in prostate brachytherapy [14]. The risk assessment in prostate cancer
and the determination of when brachytherapy should be considered are highlighted.
The risk profiles discussed include clinical, histologic, and serum PSA levels. A PSA
score of less then 10 is classified as low risk, a PSA level of more then 10 intermediate
risk, and a PSA score of over 10 combined with factors such as high Gleason score is
deemed high risk. Naderi and Van Beek briefly discuss the crucial role of preplanning.
The first critical step in preplanning is the accurate measurement of the prostate volume
to allow for a homogeneous distribution of radiation dose. In LDR brachytherapy, once
the prostate volume is measured the number of seeds can then be determined. Naderi
and Van Beek have stated that approximately two seeds are implanted per 1 cm3.
Polo et al. address the ways in which real time dosimetry may be used in intraoperative
planning, interactive planning and dynamic dose calculations [18]. An evidence based
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clinical practice guideline is proposed whereby intraoperative planning modalities are
compared with preoperative planning for low risk prostate cancer. Current and future
imaging modalities for intraoperative planning are discussed. The ability to modify seed
implants and replanning during the procedure provides an increase in the quality of the
seed implants and thus, more accurate dose delivery to the target organ. Polo et al.
discuss the technology used for intraoperative planning including Three-Dimensional
(3D) Trans Rectal Ultrasound (TRUS) with real time needle guidance, real time seed
detection on fluoroscopy and the newly available flat panel Cone Beam Computed To-
mography (CBCT). All of these new imaging modalities require real time visualisation
to ensure preplanning during the procedure and verification of seed implantation. The
development of a TimePIX based detector with multiple pinhole collimators made from
tungsten as an imaging system will greatly assist in the development of intraoperative
planning providing real time needle guidance with superior spatial resolution. This will
further increase the quality of seed implants and dose delivery during treatment.
Hoskin et al. discusses the advantages of HDR brachytherapy as well as the procedure
and compares it to LDR brachytherapy [12]. Randomised clinical results were used
in the study and are also discussed. The advantages are divided into three categories;
practical, physical and biological. In HDR brachytherapy a single source is used dur-
ing treatment. Temporary implanting of the source minimises postoperative radiation
protection risks. An Iridium afterloading machine issued during the procedure is also
used in other treatments making HDR brachytherapy more cost effective. Hoskin et al.
argues that the ability to place afterloading catheters within the prostate capsule, extra-
prostatic tissue, bladder base and seminal vesicles is a physical advantage allowing ad-
equate tumour coverage for more advanced prostate cancers. Dosimetic calculations
involve knowledge of catheter dwell positions before treatment, and enable accurate
measurements of dose to the tumour and critical surrounding organs.
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The advantages of EBRT are that it is non invasive and there is no risk of infection
compared with surgery. EBRT is suitable for patients that are not deemed fit for surgery
due to age or health problems. Limitations from EBRT include that the treatment time
takes weeks, and that irradiation of surrounding organs, in particular the rectum and
bladder, cannot be completely avoided. This may cause side effects after treatment such
as rectal bleeding and other bowel and sexual side effects [19].
The biological advantages of HDR brachytherapy are related to fractionation. Hoskin et
al. states that the radiobiological response for prostate cancer cells is mainly described
by a curve with a low α/β ratio, implying that high dose per fraction delivery will be
more biologically efficient compared with LDR seed brachytherapy and EBRT [20].
Hoskin et al. compares the result of previously published random clinical results from
Europe and the United States. Results of HDR brachytherapy implemented as a boost
after EBRT showed biochemical relapse free survival equivalent to other treatment
modalities. Another randomised clinical trial discussed by Hoskin et al. incorporated
220 patients, each receiving either EBRT with 55 Gy in 20 daily fractions over four
weeks or EBRT delivering 35.7 Gy in 13 fractions over two weeks followed by a HDR
afterloading boost of 17 Gy in 2 fractions. The results showed 15% improvement in
PSA progression free survival in HDR brachytherapy. Patients who were treated with
HDR experienced less rectal bleeding compared with patients treated with just EBRT,
although the toxicity levels were the same for both treatments. Hoskin et al. concludes
that HDR brachytherapy has a major role in radiotherapy treatment for prostate cancer
and is well established in using TRUS based imaging and Iridium afterloading systems
in most cancer centres.
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2.5 Imaging Modalities
Imaging systems for prostate cancer require high spatial resolution, the ability to view
soft tissue and implanted seeds, and fast response time to resolve the seeds before,
during and after treatment. Intraoperative planning provides 3D anatomical informa-
tion during therapy and enables accurate seed positioning and live time verification of
dosimetric outcomes [18]. The major imaging technique used is an ultrasound-guided
approach (used in LDR and HDR) and provides 3D reconstruction of the Clinical Tar-
get Volume (CTV) for planning. HDR afterloading catheters are spaced evenly within
the CTV and fixed using a template. An alternative imaging method for verification of
treatment planning are postoperative CT scans taken after recovery from a procedure to
allow more detailed planning before treatment. Imaging system are used to avoid sub-
optimal dosimetry, which can be caused by prostatic oedema (tissue expansion) and can
alter the relation between the prostate gland, organs at risk and the implanted catheters.
Thus verification using catheter measurements, fluoroscopy and repeat scanning before
each fraction is very important to correct these issues [12].
2.6 In-Body Imaging Systems
2.6.1 Transrectal Ultrasound (TRUS)
The verification of source placement during treatment uses a TRUS probe, which is
where a transverse ultrasound section is made every 5 mm from the base to the apex
using a stepping unit. For permanent implants a mean peripheral does of 145 Gy is
delivered to the prostate with a margin of a few millimetres. Some treatments require a
boost from EBRT thus, the dose delivered from permanent seeds in LDR brachytherapy
is reduced to 115 Gy followed by EBRT; delivering a maximum dose of 45 Gy. Naderi
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and Van Beek discuss the use of CT scans to verify the position of the seeds and produce
a more conformal dose distribution. Magnetic resonance imaging (MRI) is also used
and is considered as the ”gold standard” imaging modality in most centres. During
post-implant dosimetry the prostate volume is once again measured as it may change
as a result of oedema. In addition to measuring the prostate volume, the implanted
volume and the number of seeds in accordance with the number of needles used is also
measured. D90 is the dose that covers 90% of the prostate volume and is defined after
the acquired image.
Naderi and Van Beek have discussed the problems that have to be solved in determining
D90. D90 is determined from CT rather than the conventional TRUS imaging modality
as the ultrasound probe has very poor spatial resolution. Also many artefacts within
TRUS imaging make it difficult to precisely visualise and determine D90. Thus, a new
imaging modality is required to eliminate these pitfalls and improve on the quality of
implantation [14]. TRUS systems allow excellent viewing of soft tissue such as the
prostate gland but does not provide adequate localisation of implanted source. Using
fluoroscopy in conjunction with TRUS, known as TRUS-fluoroscopy allows TRUS to
visualise the prostate gland while fluoroscopy provides the data needed to produce 3D
source reconstruction [18].
Davis et al. provides guidelines for TRUS transperineal interstitial Permanent Prostate
Brachytherapy (PPB) [13]. The guidelines were categorised into five areas; patient eval-
uation, patient selection, contraindications, planning post-implant dosimetry and man-
agement. Among the five categories, planning post-implant dosimetry carries the most
weighting for development of a new imaging modality. Part of the post implant dosime-
try planning involves intraoperative procedures such as patient positioning and the angle
of the TRUS probe. The electronic grid and perineal template from the TRUS unit must
be calibrated and operated at frequencies between 5-12 MHz as stated by Davis et al.
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It is outlined that a high-resolution bi-planar ultrasound system with dedicated prostate
brachytherapy software is mandatory. However, ultrasound is limited in spatial res-
olution therefore another imaging modality with a much greater spatial resolution is
required to resolve the prostate volume and provide better quality source implantation.
2.7 Outer-Body Imaging Systems
2.7.1 CT and MRI
Computed Tomography (CT) uses multiple fan beam x-rays directed at a patient to im-
age multiple slices of the body. These slices are constructed to form 3D images of a
patients anatomy where the density at a given point on an image represents the attenu-
ation properties within the patient. A motorised table moves the patient inside the CT
bore where a rotating x-ray source takes snapshots of the patents anatomy. For each
rotation of the x-ray source, data is sent back to a computer where the snapshots are
reconstructed to form the final image [21]. CT offers very good advantages for use in
prostate cancer such as fast scan time, wide FoV of the prostate and surrounding struc-
tures and its ability to visualise small differences between body tissues. The recently
available flat panel cone-beam CT is a strong candidate for intraoperative imaging as
discussed by Plol et al. With high special resolution, good visibility of soft tissue, good
source detection, low imaging dose and good form factor; CBCT is ideal for use in im-
age guidance applications [18]. However, CT scans are somewhat limited when used
in diagnosis of prostate cancer. Magnetic Resonance Imaging (MRI) systems provide
similar and sometime superior quality imaging of the prostate volume. MRI uses strong
magnetic fields to produce an image instead of an x-ray source, and is ideal for viewing
the prostate. It provides a high resolution image of the gland and can show whether
or not the cancer has spread to the seminal vesicles or bladder. However, it is a costly
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procedure and not a viable option for every patient [22].
2.8 Dosimetric Quality Assurance (QA)
During radiotherapy treatment the ability to measure accurately the dose given to a tu-
mour and surrounding organs is very important. Thermoluminecent detectors (TLDs)
have been used extensively to measure the dose delivered to critical organs however,
they have some very significant disadvantages. Such as the inability to provide real
time dosimetric information, a high statistical uncertainty of 6% in dose measurements
specifically in high dose regions and the time consuming processes of pre- and post- an-
nealing [23]. These factors limit their use in brachytherapy treatment specifically where
accurate in-vivo dosimetric measurements are required. There are a number of alterna-
tives to TLDs for real time in-vivo Quality Assurance (QA) for use in HDR brachyther-
apy, which have been proposed. They are based on real time in-vivo dosimetry in critical
orgains such as the urethra and rectum followed by a comparson of the planned dose at
the same points. Metal oxide semiconductor field effect transistor (MOSFET) detectors
have been shown to be a valable real time dosimeter in HDR brachytherapy [23–25].
The use of semiconductor detectors in radiation dosimetry has many advantages such
as its small physical size. The structure of MOSFET includes a thin insulating silicon-
dioxide layer sandwiched between a metallic gate electrode with either an n-type or
p-type silicon substrate, Figure 2.2. MOSFET detectors are based on the generation of
electron-hole pairs in the oxide gate structure to ionising radiation. The energy produced
in one electron-hole pair in the silicon oxide is approximately 18 eV. The positive charge
moves towards the Si to SiO2 interface, where they are captured inside the impurity traps
creating a positive build up charge QT [26].
Qi et al. has discussed the key characteristics of MOSFET dosimetry (MOSkin), which
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Figure 2.2 Structure of a typical n-channel MOSFET
included the energy and angular dependence that measured a deviation of less than 5%
between the recorded doses and the planned doses at all sample points [24, 25, 27]. The
use of Scintillation dosimeters such as plastic scintillator detectors (PSD) systems and
fibre-optic scintillation dosimeters (FOD) consisting of a plastic scintillator coupled to
an optical fibre cable have proven to be an accurate real-time dose measurement sys-
tem [23, 28, 29]. The optical fibres coupled with the scintillator detector were placed in
the urethra and rectal wall and were show to have angular dependence of less than 2%
and a variation in depth dose reading of less than 3%. Archambault et al. has developed
and validated a real time in-vivo readout system for dosimetric measurements based
on a charge-coupled device (CCD) containing multiple PSD detector arrays, which is
compatible with clinical rectal balloons [29]. The system allows for direct dose mea-
surements however, the measurements recorded can only be from the dose received
at a single-point, and are unable to track the source position in real time. A detec-
tor system where an array of BrachyFODTMdetectors are placed within a rectal probe
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to measure the dose delivered during treatment has been proposed by Cartwright and
Suchowerska et al. [30, 31]. Unlike the system developed by Archambault et al. the
BrachyFODTMdevice is capable of measuring dose delivered to different parts of the
rectal wall and track the progression of the source in one dimension (1D) with an accu-
racy of 2 mm. However, this provides limited information about the absolute position
of the source within the prostate [30].
Duan et al. have proposed a real time monitoring system composed of a pinhole collima-
tor combined with a standard radiographic screen film and x-ray fluoroscope, capable
of tracking a source with 2 second dwell time [32].This approach verifies the source
position in real time using the additional external imaging device. However, the dy-
namic range of the radiographic films are limited, thus making the system incapable
of resolving the source in HDR prostate brachytherapy within sub second dwell times.
Furthermore since the prostate is subject to movements during treatment estimating the
source position during intra operative treatment crates further errors.
2.9 Pinhole Camera
A pinhole camera is a small optical imaging device in the shape of a closed box. A
small aperture allows photons to enter and the image projected on the other farthest
part of the box (imaging plane). Pinhole photon collimators are a critical element of X-
ray/gamma-ray imaging systems, and are found in applications ranging from diagnos-
tic equipment such as high resolution Single Photon Emission Computed Tomography
(SPECT) cameras, to Quality Assurance (QA) systems for radioactive source tracking
in brachytherapy [2, 33, 34]. Accurate analytical modelling of the imaging properties
of pinhole is essential for optimising the design of such collimators for their specific
applications. The two key metrics for pinhole collimator performance are spatial reso-
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lution and sensitivity. Spatial resolution quantifies the smallest spatial feature which can
be resolved using a given imaging system, while the sensitivity of a pinhole camera is
defined as the fraction of photons emitted by the source which reach the imaging plane.
Several models have previously been proposed for a variety of pinhole types and imag-
ing applications. Jansen et al. introduced a geometric model for multiple keel-edge
pinhole collimators in a conventional gamma camera system [35]. The model is used
to solve the problem of overlapping projections and to jointly optimise the sensitivity
and resolution. Accorsi and Metzler investigated the analytical determination of the
resolution equivalent effective diameter of a pinhole collimator [36–38]. They compare
numerical results of equivalent diameter and resolution effective diameter using clini-
cal and small animal imaging configurations and the analytical expressions obtained by
Paix and Anger [39, 40]. They demonstrate that the equivalent diameter de should be
used in calculating geometric resolution of a pinhole collimator rather than the physical
diameter [36]. This is due to the fact that the physical diameter assumes an ideal case of
infinitely attenuating edges of the pinhole collimator. The photon penetration occurs on
the edges where attenuation is taken into account by the equivalent diameter produced
by Anger. This expression is dependent on the linear attenuation coefficient and full
acceptance angle (α). It was shown by Anger that the equivalent diameter resulted in an
increase in sensitivity and also showed geometric dimensions to appear larger then the
physical pinhole dimensions. Accorsi and Metzer have shown that Angers model works
well for highly attenuating photons and large apertures, and the effects of penetration
that can be incorporated in the resolution calculations through the concept of equivalent
diameter. It was shown that the resolution equivalent diameter is dependent on the angle
of the point source with respect to the central axis of the pinhole. It was verified by Ac-
corsi and Metzter that the resolution equivalent diameter for parallel point source (φ =
0◦) and perpendicular point source (φ = 90◦) agree with the following four cases where
the exact solutions are known:
Literature Review 21
1. Infinite attenuation (µ→∞)
2. Symmetry (θ = 90)
3. Normal incidence (h→∞ and θ = 90)
4. Grazing incidence (θ = π−α
2
as h→∞).
The accuracy of these equations for resolution equivalent diameter (parallel and per-
pendicular) were tested using clinical and small animal imaging configurations and the
results showed convergence to the exact solutions. Accorsi and Metzler then compared
the accuracy between resolution equivalent diameter at incident angle θ = 90◦, for
which there is no distinction between parallel and perpendicular and equivalent diame-
ter de (sensitive equivalent diameter). The results were shown at low and high energies
and it was determined that the differences between the two equations occurred only for
the grazing incidents by order of magnitude of 1 mm. Accorsi and Metzler conclude
the resolution equivalent expressions predict better resolution for both low and high
energies. The results were found to be similar for both the clinical and small-animal
configurations. Thus when penetration is small, both Anger’s and Paix’s expression for
sensitive equivalent diameter gives a good approximation of resolution equivalent di-
ameter and measurements of sensitivity. For high energy γ photons, where the ratio of
penetrated to direct photons is large, it was shown that Anger’s and Paix’s expression
provide a less than accurate model. It was also demonstrted that the resolution equiva-
lent diameter depends highly on the direction in which resolution is measured (parallel
and perpendicular directions). Accorsi and Metzler have concluded when calculating
pinhole resolution it is more appropriate to use the resolution equivalent diameter, dre
(parallel or perpendicular). Accorsi and Metzler have previously described an analytical
model for the sensitivity of a double-cone pinhole design [40]. The model for penetra-
tive sensitivity is derived by determining the path length of incident photons emitted
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from an ideal point source (i.e. those photons which penetrate the surface of the col-
limator) and integrating the attenuated flux over all such points. It assumes that all
photons with more than a certain angle of incidence are stopped within the collimator
due to the thickness of material that they must traverse.
Huang et al. investigate analytical modelling of a finite aperture for small animal pinhole
SPECT imaging [41]. The developed model describes the probability that a single pho-
ton emitted from the radiation source is detected on the imaging plane. The probability
of photon detection is calculated based on the cross sectional intersection area from the
source passing through the aperture and reaching the detector plane. Bal and Acton
derived an analytical model to characterise the sensitivity and resolution of a pinhole
collimator [42]. The point spread function (PSF) was derived for two different types of
focussing pinhole collimators: right-circular double-cone and oblique-circular double-
cone. The methodology used to derive the pinhole sensitivity was the sum of the geo-
metric and penetrative sensitivity components. The geometric part is determined based
on the physical parameters of the pinholes. The penetrative term requires calculating the
path length of photons passing through the pinhole material subject to attenuation and
exiting out the end of the aperture. It was demonstrated that for low to medium-energy
photons, the PSF for the oblique-circular double-cone produced well-defined symmetric
projections with the centre of mass of the projection closely correlated with the proper
geometric projection of the centre of the source. However, with higher-energy photons,
the resulting PSF exhibited significant asymmetry. The right-circular double-cone ge-
ometry resulted in an asymmetric PSF for all photon energies. For a small aperture, the
right circular double-geometry resulted in fewer penetrated photons and a more com-
pact PSF, making it ideal for high resolution imaging systems. However, the study does
not extend the model to a include single-cone geometries, which is a common pinhole
model used in imaging systems.
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Have and Beekman have investigated the effects of photon penetration and scattering
with micro-pinholes made of lead, tungsten, gold and platinum [43–45, 45, 46]. Monte
Carlo simulations of two different point sources,125I and 99mTc were performed and the
interactions of photons with each material were studied. The diameter of the pinhole
collimators where changed ranging from 50 to 500 µm and the photon interactions in-
vestigated for each of the pinhole dimensions. The Monte Carlo simulations generated
by Have and Beekman account for the effects of photo-electric interactions, Rayleigh
scattering, Compton scattering, ionisation, bremsstrahlung and electron multiple scat-
tering. These simulations were used to determine the spatial distribution and the con-
tributions of photons that have penetrated and scattered the pinhole material. The total
photon detected (From direct, penetration and scatter) were all displayed on separate
grey value images. It was found that platinum performed the best with the least amount
of scattering followed by gold, tungsten and lastly lead. Have and Beekman found us-
ing 125I instead of 99mTc decreases the penetration fraction by a factor 3 to 11 and the
scatter fraction by a factor of 12 to 40. It was also noted by Have and Beekman that
for all the materials investigated the total amounts of penetrated and scattered photons
varied approximately linearly with respect to the pinhole diameter.
The main problems with imaging using pinhole collimations are due to the trade-offs
between spatial resolution, sensitivity and Field of View (FoV). Vanhove et al. investi-
gated the study of multiple pinhole collimators for improving spatial resolution without
reducing the sensitivity, for applications in animal SPECT imaging [47]. A 6 mm thick
rectangular tungsten plate with three knife edge pinholes 1.5 mm in diameter was man-
ufactured. The collimator was used to image a cylindrical field of view. This was
achieved by manufacturing a cylindrical phantom with 55 mm diameter and a length of
160 mm which covered the entire FoV of the pinholes. Multiple disks where manufac-
tured in the phantom to investigate the non-uniformity of the spatial resolution as the
radiation source moves across the pinholes axially, the noise level was also evaluated.
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Each disk was filled with Tc-99m, data was acquired using a circular orbit. The image is
then reconstructed using an iterative reconstruction algorithm, which was implemented
based on the Ordered Subsets Expectation Maximisation (OSEM) scheme [48]. The
method was then compared with a single pinhole system using the identical geometry
and reconstruction algorithm.
The results of the study showed at the central slice (when the source is above the middle
pinhole) a measured resolution of 2.7 mm for the three pinhole and single pinhole ge-
ometries. However at 17.5 mm away from the central slice, the axial special resolution
was measured to be 10.3 mm for the single pinhole while the three pinhole geometry
remained at 2.7mm. The pattern of the results were similar for the noise. With a mea-
sured noise of 19% for the central slice for both geometries. At 31.5 mm away from then
central axis the noise level for the three pinhole geometry remained the same while it in-
creased to 32% using a single pinhole. The study shows the use of multiple pinholes for
imaging using a radionuclide substance improves uniformity of the axial spatial resolu-
tion without compromising sensitivity and also increasing the FoV. A number of other
groups have looked at multiple pinhole designs for SPECT animal imaging to address
the trad off issues with resolution, sensitivity and FoV. Schramm et al. investigated the
use of two multi pinhole geometries, one pinhole set looking at focusing, to examine a
specific region of interest and the other set assessing the FoV, to increase the size of the
axial FoV allowing full body imaging of mice [49].
2.10 Detectors and Read Out Systems
Hybrid pixel detectors consists of two-dimensional (2D) diode arrays and electronic
board built on a separate substrate [50]. Each pixel consists of an electronics channel
that provides amplification of the signals as well as data storage and readout. When
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developing hybrid detectors the general considerations require the following:
1. Avoiding extra capacitance in the connections between the pixel sensor and elec-
tronics in order to reduce substrate and serial amplifier noise;
2. The detector and electronics input connections should be shielded from capaci-
tively coupled pickup noise and;
3. Cooling of the electronics and detectors.
2.10.1 Hybrid Detectors
Liopart et al. have examined the electronic circuitry and architecture as well as the
functional behaviour of Medipix2 [51, 52] . Medipix2 consists of 256 × 256 pixels
elements with each pixel being 55 × 55 µm2, containing 500 transistors, a preamplifier,
and two identical but independent discriminators. The preamplifier is used to remove
substrate and power supply noises in addition to providing compensation for detector
leakage current on a pixel by pixel basis. A differential input amplifier is used for better
rejection of substrate and power supply noises. This configuration allows for a constant
current and fast return to zero through the transistors. The discriminator not only acts as
an analogue-to-digital convertor, but is also used to set the output setting by creating an
energy window in which the amplified pulse must fall in to be incremented by the digital
counter. The Medipix2 floor plan is designed to minimize the dead area between chips.
The sensitive area of the chip was designed at the top of the floor plan. The periphery,
which contains an input/output control logic, is placed at the bottom of the floor plan
below the sensitive area.
There are eight independent configuration bits for each pixel. The fine threshold ad-
justment utilises six of them whereas the other two are used for masking noisy pixels
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and enable the input charge test. Liopart et al. have also evaluated the performance of
Medipix2. The tests performed were in accordance with the simulations. They used an
IMS ATS digital IC tester to take preliminary measurements and test the functionality
of various components of the Medipix2 electronic circuitry. Results were compared
with the simulated tests. It was found that all of the logic at the chip periphery, which
includes 13 8-bit Digital to Analog Convertors (DAC) and a 256-bit Fast Shift Regis-
ter (FSR), operating at 100 Mhz (the highest setting on the IC tester). The periphery
control logic, the 32-bit Complementary Metal Oxide Semiconductor (CMOS) bus and
Low Voltage Differential Signalling (LVDS) drives and the receivers functioned as sim-
ulation results, that is at 100 MHz the LVDS performed well as a fast readout chip. A
test pulse was applied to the capacitance of several pixel clusters to investigate the char-
acterisation of the pixels such as the gain, testing non-linearity, peaking time of signal,
return to baseline of signal, electronic noise, threshold dispersion and analogue power
dissipation. The entire pixel cells tested performed as expected in the simulation.
Liopart et al. propose a new detector solution that involves a new pixel shape to elimi-
nate the distance between a pixel and its orthogonal neighbours; currently shorter than
its diagonal neighbours on a square shaped pixel. They propose hexagonal shaped pix-
els, which provide a constant distance between each neighbouring pixel and better spa-
tial uniformity compared with square pixels, thus providing a more homogeneous pixel
environment. Furthermore Liopart et al. propose a solution to take into account charge
sharing effects by summing pulses over local pixel clusters. This sum would be com-
pared with one or more energy thresholds and the highest deposited energy. A charge
sharing control system would be implemented; sharing information with around seven
local pixel clusters with the centre pixel being compared with the surrounding six pixels.
The readout circuitry and interface of Medipix2 detector was developed by Vykydal
et al. [53, 54]. Hybrid semiconductor detectors have a wide range of applications. A
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mobile Micro-probe using a Medipix2 detector and a universal serial bus (USB) Lite
readout device was developed by Vykydal et al. for applications in dental imaging. The
imaging device measures 15 mm × 60 mm and is capable of being inserted into a pa-
tients mouth for dental examinations using a 70 keV x-ray tube source. They compared
the images of a tooth implant using the USB Lite Micro-probe and DIGORA Optime
imaging plate. It was found that the Medipix2 detector produces a clearer and more
defined image of soft-tissue and light materials, such as the lip and resin dental crown,
compared with the DIGORA Optime imaging plate, which showed no visibility of soft
tissue. They demonstrated the suitability of using the Medipix2 photon counting detec-
tor and USB readout device for imaging the oral cavity using an x-ray beam source. The
low efficiency of the thick silicon sensor for high-energy photons and 2 mm aluminium
beam filtration for low photon energies caused a reduction in quality of the image when
using the Medipix2 detector.
J. Dammer et al. developed a micro imaging system to be used in real time in-vivo
imaging of small organisms using Medipix2 photon counting detector [55–57]. They
used a micro focus and nano focus x-ray tube as an x-ray source. A Medipix2 detector
was used as the sensitive imaging area. x-ray images of live biological samples were
taken, such as living pupae, leaf miner and larva living inside a leaf. Due to the point like
x-ray source highly sensitive Medipix2 silicon interface and advanced imaging analysis
it was possible to achieve sub-micrometer spatial resolution. With an exposure time of
300 ms per frame up to approximately 500 ms per frame; they were able to produce real
time in-vivo imaging of living pupae inside a leaf. This investigation demonstrates the
possibility of using a Medipix2-based silicon system for prostate cancer as a real time
imaging system for verification of seed implantation during treatment.
Batic et al. developed a system for in-vivo tracking of a standard clinical 192Ir source
with an activity of 1 Ci during HDR brachytherapy treatment. This used silicon pad
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Figure 2.3 Schematic cross-section of TimePIX doped n-type and p-type silicon layer bump
bonded to the readout chip.
detectors of high resistivity as an imaging area (sensor) and single cone pinhole colli-
mators constructed from lead for determination of the location of the source [58]. The
192Ir source was tested both in air and in a plexi-glass phantom, where the source move-
ments where tracked in a 20 × 20 × 20 cm3 FoV. The sources were placed and moved
in different locations across the FoV using an afterloading machine. The aim of the
exercise was to show the ability to correctly reconstruct coordinates of source locations
relative to two dwell positions nearby, thus allowing the motion of the source during
therapy to be monitored. The results showed no differences in the reconstructed source
positions taken in either air or within the plexi-glass phantom.
The hybrid, pixelated detector, TimePIX, was developed as the successor to Medipix2
(figure 2.3) with an associated fast data acquisition system called Fitpix. It meets the
requirements of the Brachyview probe and allows a frame rate of up to 400 images per
second with low substrate noise [57, 59]. The sensitive area of the detector system has
dimensions of 14 × 14 mm2 with silicon thickness 300 µm consisting of 256 × 256
pixels. Each pixel size is 55 × 55 µm2 with a 55 µm pitch. The detector operates at a
bias voltage of 100 volts. Each pixel consists of a high resistivity n-type silicon layer
followed by a p-type silicon pad. The p-type pad is connected to the pixel readout pad
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via a solder bump. Applying a voltage bias depletes the sensitive silicon sensor of thick-
ness 300 µm creating a full sensitive area. The photons ionise creating a charge sensitive
volume of electron-hole pairs. These electrons hole pairs created in the depletion region
are separated into electrons and holes, creating a charge flow that is collected at the
bump bonds and fed into the readout chip.
Each pixel on the readout chip contains a pre-amplifier and two identical but indepen-
dent discriminators. The pre-amplifier is used to remove the substrate and power supply
noises in addition to providing compensation for detector leakage current on a pixel by
pixel basis. The digital discriminators convert the analogue input into a digital signal
in addition to providing an output setting, by creating an energy window in which the
amplified pulse must fall in to increment the digital counter (figure 2.4) [51, 52]. This
can be controlled by varying the threshold settings on the Pixman software.
Each pixel in the TimePIX chip can be configured to operate in one of three modes. The
first mode is the MediPIX mode, this operation is an integrated counter which counts in-
coming particles as in the previous generation. The second mode is known as TimePIX
mode, which allows the counter to work as a timer and measure the time when a particle
is detected. The last mode known as Time over Threshold (ToT) mode, measures the
time a particle is detector over a specific set discriminator value, this operation can be
used to measure direct energy values in each pixel.
J. Jakubek discusses the aplications of TimPIX in readition imaging [60]. TimPIX de-
tectors are used in energy sensitive X-ray transmission radiography of biological ob-
jects. Due to the ability of TimePix detectors to measure Time over Threshold (ToT)
and have low noise, the differences in absorption spectra of heavy materials and met-
als to softer biological materials can be distinguished. Furthermore TimePix detectors
are also used in neutron transmission radiography. Thermal neutron radiography fol-
lows the same principles as X-ray radiography. The neutron beam is attenuated though
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Figure 2.4 Schematic of Timepix counting mode, when the charge from an incident photon
reaches a certain threshold the counter in increased by one.
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a material and recorded by the pixelated detector. Neutron radiography can visualise
structures that are very difficult to be seen using X-ray radiography due to the different
attenuation values compared with X-rays in matter. The use of pixelated detectors for
thermal neutron detection can be performed by using a suitable neutron convertor mate-
rial. This allows the slow neutrons to be captured by the material producing secondary
radiation which are detected.
2.10.2 Current Source Verification Tools
Tubic et al. have developed an automated seed detection algorithm for 3D reconstruction
from fluoroscopic images [61]. The orientations and seed centres are used to reconstruct
the seed locations. Automatic detection of 92% of the imaged seeds was observed. De-
velopment of seed detection reconstruction algorithms has led to current state of the art
techniques using C-arm fluoroscopy combined with TRUS imaging, to provide seed and
anatomical information during intraoperative treatment. Todor et al. have developed
a reconstruction algorithm based on projections from digital planar imaging to locate
LDR seeds in real time [62]. Validation of the software was performed on simulated
data as well as a pelvic phantom and patient data. Reconstruction discrepancies be-
tween true positions were observed to be in the range 0.3-1.1 mm. Brunet-Benkhoucha
et al. have implemented a digital tomosynthesis-based seed reconstruction algorithm
for intraoperative postimplant dosimetry in LDR prostate brachytherapy [63]. Seven
projections are acquired with an isocentric imaging system to reconstruct the 3D loca-
tions of the implanted seeds. Dose calculations are performed right after the seeds have
been deployed and their positions reconstructed. The technique was validated with a
phantom study used in clinical evaluations involving 23 patients. Seed location rates
of 96.7% were determined with a 2.6% false positive observed. Fallavollita et al. have
investigated fusion of TRUS and fluoroscopy in LDR prostate brachytherapy using a
prostate gel phantom [64]. The phantom was implanted with 48 LDR seeds and imaged
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using TRUS and CT. Reconstruction of the seeds were based on CT. A point to point co-
registration was performed between TRUS and CT, and the methodology applied onto
real patient data. A recorded seed localization error of 0.38 ± 0.19 mm relative to the
true positions was observed.
Ravi et al. have developed and experimentally evaluated an online gamma-camera sys-
tem for seed imaging of 103Pd for applications in partial breast irradiation [65]. A brass
collimator design on a 64-pixel linear array CZT detector was developed to image the
photons emitted by the seeds. Projection seed based matching algorithms was used to
reconstruct the 3D location of the seeds. Localisation of the source was determined
with a median error of 1 mm in a custom breast shaped PMMA phantom.The main
limitation to image based fluoroscopy is the additional radiation dose given to the pa-
tient for seed imaging as well as, extending the time of treatment due to imaging and
processing the reconstruction of the LDR seeds, thus lacking as a true real-time QA
technique. Recently electromagnetic tacking (EMT) has been introduced to HDR and
LDR brachytherapy for implant tracking and error detection [66]. EMT have originally
been developed for tumour motion tracking in breast, lung and prostate cancer patients.
Small electromagnetic beacons are implanted inside the catheters, special information
in all six degrees of freedom can be determined by measuring the magnetic flux from
the beacons. This information can be used to determine any shifts within the implanted
catheter in the left-right, anterior-posterior and superior-inferior directions. Currently,
available data have only been taken from phantom-based feasibility studies.
A novel source-tracking system, the Magic Phantom, has been developed at CMRP
for HDR prostate brachytherapy as a pre-treatment quality assurance (QA) tool. The
Magic Phantom consists of a MagicPlate (MP) detector system of 121 p-type silicon
epitaxial diodes in an 11 × 11 array. The MP detector is placed in-between two 1 cm
thick slabs of PMMA. Each slab contains ten catheters arranged 1 cm apart allowing
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each catheter to be allied with the diodes from the MP. The HDR source was tracked to
within submillimeter accuracy with the system capable of determining in real time and
with high spatial and temporal resolution the dwelling location and time respectively.
New gamma analysis metrics; distance to dwelling location agreement and dwelling
time agreement was introduced and revealed reliable in error pick up. Additionally
the 2D dose distribution obtained from measured dwelling positions and times, using
gamma analysis, shows an excellent agreement with the TPS, with a pass rate of over
95% [67, 68]. The system provides excellent QA measures for HDR brachytherapy
pre-treatment; however, in vivo real time QA tracking system is required for prostate
brachytherapy during intraoperative treatment.
2.10.3 BrachyView
Feasibility studies on the LDR BrachyView system have been investigated by Petasecca
et al. [34]. Using a single Medipix2 chip coupled to a single pinhole collimator, the
system was used to image five LDR 125I seeds implanted into a PMMA phantom. The
detector was translated horizontally in 5 mm increments to acquire multiple projections
of the seeds for reconstruction. The reconstruction method was developed in MATLAB
and used a stereoscopic back-projection technique by tracing the lines from the projec-
tion through the pinhole collimator (figure 2.5). Results demonstrated submillimeter
accuracy in seed location when the seeds were placed 20 mm above the surface of the
collimator. The estimated 3D position reconstruction accuracy was found to be in the
range of 0.5-3 mm [34].
HDR BrachyView has been investigated using Monte Carlo simulations in a study that
demonstrated the concept of the reconstruction of a 192Ir source, achieved to within
submillimeter accuracy [2]. Figure 2.6 shows the design concept for HDR BrachyView,
incorporating multiple pinholes drilled within a cylindrical tungsten tube with an array
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Figure 2.5 Concept of reconstruction investigated by Petasecca et al., stereoscopic back-
projection technique used by tracing the lines from the projection through the pinhole collimator
to find source position.
of Timepix detectors embedded inside the tube.
Additionally, Monte Carlo simulations and experimental work have been performed to
evaluate the significance of dose enhancement from the HDR source to the rectal wall
due to backscattering from the tungsten collimator. An insignificant backscatter dose
was observed at a distance beyond 1 mm from the collimator surface [69]. A phantom
study in solid water was also performed to evaluate the accuracy of the reconstruction
method using a 192Ir source. More than 90% of the reconstructed positions were evalu-
ated to be within the calculated error, with a maximum error of 1.3 mm observed [70].
2.11 Conclusion
This chapter provided an overview of the background to this project, as well as the
current treatments and imaging techniques used for prostate cancer. The most common
treatment options were introduced in Sections 2.2 and 2.3, and a full reivew of their
effectiveness was conducted in Section 2.4. It was demonstrated that while there are
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Figure 2.6 Schematic of HDR BrachyView system with multiple pinholes drilled across the sur-
face of the collimator. Embedded inside the probe is an array of Timepix detectors for imaging
the HDR source [2].
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protcols inplace for monitoring the dose delivered to critical organs, there is no real
system for real time tracking of the source during HDR brachytherapy. A thorough
review of a state of the art detector technology (Medipix detector) and multiple imaging
systems based on that were conducted in Section 2.10.1. It was therefore concluded that
Timepix is a suitable detector for use in an imaging system for source tracking in HDR
brachytherapy.
Chapter 3
Analytical Modelling of Pinholes
Collimators
In this chapter, the double-cone model of Metzler et al. is extended to a single-cone
geometry to determine the optimal choice of pinhole design for a collimator to be used
for the HDR BrachyView system. Using Metzler et al. methodology an analytical model
is derived for a single-cone pinhole collimator design. The extensions to the analytical
model of Metzler et al. for computing pinhole sensitivity are derived in Section 3.1. The
analytical predictions for spatial resolution and sensitivity for both single and equivalent
double pinhole geometries are compared in section 4.2.
3.1 Pinhole design
Two pinhole geometries were investigated: the first is a symmetric double-cone design,
where the cones are connected by a small cylindrical channel; the second uses a single
cone with a wider acceptance angle connected to the bottom face by a small cylindrical
channel as. The double and single cone pinholes are shown in Figures 3.1(a) and 3.1(b),
respectively. Both pinhole designs have a connecting channel diameter of d = 0.5 mm.
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The acceptance angles (α) for the double and single-cone pinholes were set to 82◦ and
98◦ respectively; these angles allow the entire sensitive surface of the detector array to
be used, given the geometric constraints of the rectal probe, and provide good visibility
to more than 70% of the prostate volume. The remaining regions (at the bottom of the
prostate volume on either side of the y axis) can be monitored (if necessary) by rotating
the probe either clockwise or anticlockwise. The acceptance angles were calculated by
projecting lines from the corners of the detector through the collimator at the base of the
pinhole channel. The acceptance angle is calculated using (3.1), where b is the distance
between the pinhole and detector and x is the distance between the centre of pinhole on
the detector plane and the edge of the detector.
α = 2 tan−1
(x
b
)
(3.1)
0.5 mm
4 mm
3.53 mm
82
o
0.5 mm
(a) Double cone
  
 
 

	
 
(b) Single cone
Figure 3.1 Pinhole geometries proposed for the HDR BrachyView probe
The most important characteristics of a pinhole collimator are sensitivity and spatial
resolution, both of which would be ideally as high as possible. However, there is an
intrinsic trade-off between sensitivity and spatial resolution [47]. Increasing the accep-
tance angle of a pinhole collimator will increase the sensitivity to photon detection (and
also the width of the field of view), but degrades the spatial resolution since the ratio
of direct photons (photons that travel through the aperture of the pinhole) to penetrated
photons (photons that penetrate through the tungsten collimator) decreases.
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Pinhole Response Funt ion (PRF)
Center of Mass
Detector
Collim ator
Point Source 
Figure 3.2 The pinhole response function (PRF): distribution of photons on the imaging plane;
its FWkM is used as a measure of its resolution
3.1.0.1 Resolution
Spatial resolution can be determined by finding the full width at kth maximum (FWkM)
of the PSF or line spread function (LSF) of the imaging system. In the case of a pin-
hole camera, resolution is defined as the width of the pinhole response function (PRF)
exceeding a fraction (k) of its maximum value (typically half, i.e. k = 0.5). The PRF
is the 2D spatial distribution of the photons which are emitted by the point source, pass
through the collimator and reach the imaging plane, as shown in figure 3.2 [40, 71].
The system resolution is given by:
Rs =
√
R2i +R
2
c (3.2)
Analytical Modelling of Pinholes Collimators 40
Where Ri is the intrinsic resolution and is a function of the detector pixel size and
system electronic noise, and Rc describes the resolution of the pinhole collimator and is
related to the geometric dimensions and source-to-collimator distance. de is the effective
diameter of the pinhole collimator, which is a function of the collimator resolution and
is described in (3.3):
de =
√
d
(
d+
2
µ
tan
α
2
)
(3.3)
Here α is the full acceptance angle of the pinhole, µ is the linear attenuation coefficient
of the material and d is the physical diameter of the pinhole. The effective diameter of
the pinhole assumes that the collimator is fabricated from a material with finite linear
attenuation, and is defined as the diameter of an ideal pinhole (i.e. in a material with
infinite linear attenuation) that transmits the same number of photons as the physical
pinhole diameter in the actual collimator material [40]. However, the use of the effective
diameter in estimating the resolution, is of limited practical value since the equation
does not account for any angular offset of the point source from the central axis of the
pinhole.
For an ideal pinhole with diameter d and a magnification factor M (defined as the ratio
of projection size to the size of the original object), the resolution (λ) corresponding to
the full width at half maximum (FWHM) is given by [69]:
λ = d
(
1 +
1
M
)
(3.4)
A more general metric for quantifying pinhole resolution of a pinhole fabricated from
a real material is the resolution equivalent effective diameter, dre, which accounts for
the angular offset of the point source with respect to the central axis of the pinhole
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Figure 3.3 Parameters of a pinhole collimator: The pinhole has a diameter d with a full accep-
tance angle α. A photon source, offset at angle θ to the y-axis at a distance h from the pinhole
centre, projects onto the imaging plane. ∆L represents the path length of penetrated photons
inside the collimator.
[36, 40]. By definition, the PRF (and its corresponding FWkM) is directly proportional
to its resolution equivalent diameter (dre); that is, as dre increases, pinhole resolution
deteriorates (numerically increases, i.e. the PRF distribution broadens).
dre for the double-cone (ddcre) and single-cone (d
sc
re) pinholes are given by the respective
approximations:
ddcre ≈ d−
ln k
µ
(
tan2
α
2
− cot2 θ
)
cot
α
2
sin θ (3.5)
dscre ≈ d− 2
ln k
µ
sin θ tan
α
2
(3.6)
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Figure 3.4 Single cone pinhole collimator, showing all key geometric parameters
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The parameters of the double-cone pinhole geometry are shown in figure 3.3; parameter
names are as for the single-cone pinhole geometry. ∆L represents the total distance
inside the collimator traversed by penetrating photons before they are projected onto
the imaging plane, i.e. the path length of photons that penetrate through the solid body
of the collimator.∆L is a function of the polar radius ρ, and the azimuthal angle φ of the
point source relative to the x-axis, shown in figure 3.4(b). The figure shows the photons
emitted by the point source (shown as the larger solid circle) passing through and leaving
the collimator on the z = 0 plane (smaller solid circle). Due to azimuthal symmetry,
φ may be assumed to be zero, which simplifies the problem without decreasing the
generality of the result. The path length can be expressed as follows:
∆L = − ln k
µ
≡ ∆Lk (3.7)
where k determines the fraction value of the full width at kth maximum of the PRF and
µ is the linear attenuation coefficient of the medium.
3.1.0.2 Sensitivity
Pinhole sensitivity can be described mathematically as:
Stotal(θ) = Sgeom(θ) + Spen(θ) (3.8)
where Sgeom(θ) is the angle-dependent geometric sensitivity, which represents the frac-
tion of incident photons that pass directly through the physical aperture and Spen(θ) is
the penetrative sensitivity, which represents the fraction of photons passing through the
attenuating medium of the collimator.
The penetrative sensitivity for a double-cone pinhole collimator has been derived by
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Metzler et al. as follows [40]:
Spen(θ) ≈
sin5 θ tan2 α
2
8h2µ2
×
(
1− cot
2 θ
tan2 α
2
)1/2
×[
1− cot
2 θ
tan2 α
2
+ µd csc θ cot
α
2
]
(3.9)
An equivalent expression for penetrative sensitivity can be derived for a single-cone
pinhole. Spen(θ) is again dependent on the path length through the collimator’s body.
To calculate Spen(θ), it is assumed that photons radiate from a point source in a spher-
ical coordinate system. The path length of a photon penetrating the collimator at a
fixed point is calculated. The path length is then calculated relative to the two points
of intersection, (x1, y1, z1) and (x2, y2, z2), shown in figure 3.4(a), which is represented
as (θa, φa) and parameterised relative to the reference frame of the origin (x, y, z) =
(0, 0, 0) represented as (θ, φ). The expression is then expanded, simplified and inte-
grated using (3.10). The method adopted in this paper is similar to that derived by Met-
zler et al. for a double-cone pinhole design [40]. A general expression for the penetrated
photon sensitivity is given by
Spen(θ) =
sin3 θ
4πh2
∫ 2π
0
∫ ∞
d
2
ρe−µ∆Ldρdβ (3.10)
where the integrand is the photon flux incident on the projection of an infinitesimal area
dA = ρdβ · dρ (on the z = 0 plane) onto a sphere of radius h/sin θ originating at the
point source, after attenuation through a section of material with linear attenuation µ of
path length ∆L. The key problem is to determine an expression for the path length ∆L
for a given cone geometry.
Figure 3.4(a) shows the Euclidean path length ∆L between the point of photon ingress
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and egress on the single-cone pinhole collimator in a spherical coordinate system, as-
suming the point source to be within the extended projection of the cone (if a source is
outside this region, the pinhole can be ignored as any penetrating photons will traverse
at least the total thickness of the collimator plate, with a very high probability of ab-
sorption). The points shown in (3.11) and (3.12) represent the upper and lower points
of intersection respectively between a penetrating photon’s trajectory and the body of
the collimator. Equation (3.13) is the formula of a cone; hence the expressions for x1
and y1 in terms of z1 may be substituted for x and y in (3.13) and rearranged to yield a
quadratic equation in terms of z1, which can be solved to yield two solutions.
(x1, y1, z1) = (ρ cos β + z1 cot θa cosφa, ρ sin β + z1 cot θa sinφa, z1) (3.11)
(x2, y2, z2) = (ρ cos β, ρ sin β, 0) (3.12)
x2 + y2 =
(
z tan
α
2
± d
2
)2
(3.13)
To simplify the analysis, it is assumed that d = 0. This does not significantly affect
the penetrated photon distribution as the maximum thickness of the collimator is only
0.2 mm at the point where the channel is drilled, so attenuation of photons in this region
is negligible. The expression for z1 with d = 0 yields:
z1 =
−ρ cos(β − φa) cot θa +
√
ρ2 cos2(β − φa) cot2 θa − ρ2 cot2 θa + ρ2 tan2 α2
cot2 θa − tan2 α2
(3.14)
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z1 =
−ρ cos(β − φa) cot θa −
√
ρ2 cos2(β − φa) cot2 θa − ρ2 cot2 θa + ρ2 tan2 α2
cot2 θa − tan
(
α
2
)2
(3.15)
(3.13) represents a symmetric pair of cones reflected in the x−y plane; hence (3.14) and
(3.14) correspond to the points of intersection between the photon path and the upward-
and downward-facing cones respectively. A single-cone collimator can be modelled as
an upward-facing cone of material removed from a plate; therefore, only the positive
solution (3.14) is considered.
Now, calculating the Euclidean distance between the two points of intersection (x1, y1, z1)
and (x2, y2, z2) to find ∆L:
∆L2 = (ρ cos β − ρ cos β + z1 cot θa cosφa)2
+ (ρ sin β − ρ sin β + z1 cot θa sinφa)2 + (0− z1)2 (3.16)
∆L2 = z21 cot
2 θa cos
2 φa + z
2
1 cot
2 θa sin
2 φa + z
2
1 (3.17)
Substitution of (3.14) into (3.17) yields an expression for ∆L:
∆L2 =
ρ2 csc2 θa
(√
tan2 α
2
− cot2 θa sin2(β − φa)− cot θa cos(β − φa)
)2
(
cot2 θa − tan2 α2
)2 (3.18)
∆L =
ρ csc θa
(√
tan2 α
2
− cot2 θa sin2(β − φa)− cot θa cos(β − φa)
)
cot2 θa − tan2 α2
(3.19)
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The path length needs to be expressed in terms of θ and φ, the elevation and azimuth
of the point source relative to the aperture. (3.19) is then expressed in terms of abso-
lute source elevation and azimuth angles (θ, φ) using the same trigonometric relations
used by Metzler et al. [40]; due to azimuthal symmetry, φ may be assumed to be zero,
resulting in (3.26):
cot2 θa = −2
ρ
h
cot θ cos(β − φ) +
(ρ
h
)2
+ cot2 θ (3.20)
sin2(β − φa) =
cot2 θ sin2(β − φ)
cot2 θ − 2 ρ
h
cot θ cos(β − φ) +
(
ρ
h
)2 (3.21)
cos(β − φa) =
cot θ cos(β − φ)− ρ
h√
cot2 θ − 2 ρ
h
cot θ cos(β − φ) +
(
ρ
h
)2 (3.22)
csc2 θa = csc
2 θ − 2ρ
h
cot θ cos(β − φ) +
(ρ
h
)2
(3.23)
The trigonometric relationships: 3.20, 3.21, 3.22 and 3.23 are substituted into 3.19 and
simplified to give an expression for ∆L where the photons originating from the point
source are relative to the centre of the aperture.
∆L =
ρ
√
ρ2
h2
− 2 ρ
h
cot θ cos(β − φ) + csc2 θ
ρ2
h2
− 2 ρ
h
cot θ cos(β − φ) + cot2 θ − tan2 α
2
×
(
ρ
h
− cot θ cos(β − φ) +
√
tan2
α
2
− cot2 θ sin2(β − φ)
)
(3.24)
We can set φ = 0 due to the azimuthal symmetry:
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∆L =
ρ
√
ρ2
h2
− 2 ρ
h
cos β cot θ + csc2 θ
(
ρ
h
− cos β cot θ +
√
tan2 α
2
− sin2 β cot2 θ
)
ρ2
h2
− 2 ρ
h
cos β cot θ + cot2 θ − tan2 α
2
(3.25)
∆L =
√
ρ2
h2
− 2 ρ
h
cos β cot θ + csc2 θ
−[tan2 α
2
− ρ2
h2
+ 2 ρ
h
cos β cot θ − cot2 θ]
×
(
ρ
√
tan2
α
2
− sin2 β cot2 θ − ρ cos β cot θ + ρ
2
h
)
(3.26)
Since ρ h we can use the approximation ρ2
h2
≈ 0. The numerator and denominator of
(3.26) are then expanded in terms of ρ
h
, resulting in (3.27):
∆L ≈
csc θ
(
1− ρ
h
cos β sin θ cos θ
)(
cot2 θ − tan2 α
2
) (
2 ρ
h
cosβ cot θ
tan2 α
2
−cot2 θ + 1
)× (3.27)
(√
ρ2 tan2
α
2
− ρ2 sin2 β cot2 θ − ρ cos β cot θ + ρ
2
h
)
(3.28)
≈
csc θ
(
1− ρ
h
cos β sin θ cos θ
) (
1− 2 ρ
h
cosβ cot θ
tan2 α
2
−cot2 θ
)
cot2 θ − tan2 α
2
× (3.29)(√
ρ2 tan2
α
2
− ρ2 sin2 β cot2 θ − ρ cos β cot θ + ρ
2
h
)
(3.30)
≈
csc θ
(
1− 2 ρ
h
cosβ cot θ
tan2 α
2
−cot2 θ −
ρ
h
cos β sin θ cos θ
)
cot2 θ − tan2 α
2
× (3.31)(√
ρ2 tan2
α
2
− ρ2 sin2 β cot2 θ − ρ cos β cot θ + ρ
2
h
)
(3.32)
Expanding (3.27) and assuming all second order ρ
2
h2
terms to be negligible, results in the
following approximation for ∆L:
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∆L ≈
ρ csc θ
(√
tan2 α
2
− sin2 β cot2 θ − cos β cot θ
)
cot2 θ − tan2 α
2
×
(
−2ρ
h
cos β cot θ
tan2 α
2
− cot2 θ
− ρ
h
cos β sin θ cos θ + 1
)
(3.33)
Since cos β integrated over [0, 2π] with respect to β is zero, many of the terms and
factors in (3.33) will become zero after integration with respect to β. (3.33) therefore
reduces to:
∆L ≈
ρ csc θ
√
tan2 α
2
− sin2 β cot2 θ
cot2 θ − tan2 α
2
(3.34)
Equation (3.34) can now be integrated using (3.10).
Spen(θ) ≈
sin3 θ
4πh2
∫ 2π
0
dβ
∫ ∞
0
ρexp
−µρ csc θ
√
tan2 α
2
− sin2 β cot2 θ
cot2 θ − tan2 α
2
 dρ (3.35)
Spen(θ) ≈
sin3 θ
4πh2
∫ 2π
0
dβ
[
sec4 α
2
csc2 θ(cosα + cos 2θ)2
4µ2
(
tan2 α
2
− sin2 β cot2 θ
) ] (3.36)
Finally, integrating with respect to β results in an approximate expression for the sensi-
tivity due to penetration for a single cone pinhole collimator ((3.37)):
Spen(θ) ≈
sin3 θ
8πh2µ2
sec4
α
2
csc2 θ(cosα + cos 2θ)2
∫ 2π
0
dβ
tan2 α
2
− sin2 β cot2 θ
(3.37)
≈
tan2 α
2
sin5 θ
4
√
2h2µ2
[
− csc2 α
2
csc2 θ(cosα + cos 2θ)
]3/2
(3.38)
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3.2 Results
3.2.1 Resolution
Using (3.5) and (3.6), the resolution equivalent diameter dre for both double and single-
cone pinholes was analytically determined for values of k between 0.1 and 1. The
following parameters (as illustrated in figure 3.1(a) and 3.1(b)) were used for both the
double-cone and single-cone pinholes to analytically determine values of dDKEre and
dSKEre . The analytical values of dre were used to calculate the theoretical FWHM of
the projections at the detector plane for both single-cone and double-cone pinhole ge-
ometries and were compared to the FWHMs of the projected images obtained from the
simulation.
The linear attenuation coefficient (µ) was assumed to be approximately 5.2± 0.1 cm−1
for tungsten at 380 keV. dre was determined at the three source angles chosen from the
Monte Carlo simulations, 60◦, 75◦ and 90◦, for both pinhole geometries.
Graphs showing the analytical estimates of resolution-equivalent diameter for both double-
cone and single-cone pinhole geometry are shown in figure 3.5.
3.2.2 Sensitivity
Analytical expressions for double-cone and single-cone pinhole sensitivity ((3.9) and
(3.37) respectively) are normalised to their respective source-to-collimator distance (hDKE ,
hSKE) and plotted as functions of horizontal source displacement y with vertical source-
to-pinhole distances hDKE = 7, 23, 43 mm (or hSKE = 9, 25, 45 mm for the single
cone geometry) as shown in figures 3.6(a), 3.6(b) and 3.6(c), respectively.
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Figure 3.5 Analytical estimate of the resolution-equivalent diameters dDKEre and dSKEre for dou-
ble and single-cone pinholes, respectively. The full widths at kth maximum are shown for k
between 0.1 and 1, for source positions θ = 90◦, 75◦ and 60◦ (φ = 0◦).
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Figure 3.6 Analytical expressions for the penetrative sensitivity for double-cone and single-
cone pinholes at various source-to-collimator distances, normalised to their respective source-
to-collimator distance (hDKE , hSKE) and plotted against horizontal source displacement y,
where y = 0 is the position directly above the centre of the pinhole.
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3.3 Discussion
From figure 3.5, it may be observed that dre for the double-cone pinhole is consistently
smaller than the value for the single-cone pinhole for each case of θ = 90◦, 75◦ and
60◦. Therefore, it is concluded that, in general, the double-cone pinhole geometry has a
narrower PRF and hence will block a larger fraction of high-energy photons close to the
aperture compared to an equivalent single-pinhole geometry. The FWHM (k = 0.5) for
the double-cone has a dre of 1.7 mm compared with the FWHM of the single-cone with
a dre value of 3.10 mm at θ = 90◦. For both designs, when the source is placed directly
above the collimator (i.e. θ = 90◦), dre is at its maximum. This is due to the large
photon flux in the neighbourhood of the aperture and hence higher photon penetration
through the collimator around the pinhole. This broadens the PRF and degrades the
spatial resolution. As the source moves away from the pinhole i.e at θ = 75◦ and
θ = 60◦, fewer photons penetrate around the aperture of the pinhole, creating a slightly
narrower PRF and improving the spatial resolution.
Figures 3.6, shows the theoretical penetrative sensitivity for the double-cone and single-
cone pinhole geometries as a function of horizontal source displacement in the y di-
rection (moving towards the edge of the FoV as y increases). The penetrative sen-
sitivity term was derived analytically by assuming the path length of incident photons
through the collimator are as for an ideal point source; however, the source used in HDR
BrachyView has a physical active length of 3 mm and therefore cannot be accurately
modelled as a point source, particularly when the source is close to the collimator. Sen-
sitivity varies across the length of the source, and hence the relative sensitivity is much
greater for the single-cone compared with the double-cone pinhole because the sensitiv-
ity of the double-cone decreases more rapidly with horizontal displacement compared
to the single-cone geometry.
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3.4 Conclusion
An analytical model describing the sensitivity of a single-cone pinhole has been de-
rived and compared to an equivalent double-cone geometry. The theoretical FWHM
of the PRFs of the double-cone and single-cone pinhole PRFs were calculated based
on previously published analytical resolution models. An analytical model describing
the sensitivity of a single-cone pinhole has been derived and compared to an equiva-
lent double-cone geometry. The theoretical FWHM of the PRFs of the double-cone
and single-cone pinhole PRFs were calculated based on previously published analytical
resolution models, and were shown to be in good agreement with results obtained from
Monte Carlo simulations using a realistic source model.
The penetrative sensitivity of the double-cone pinhole decreases more rapidly with hor-
izontal displacement in comparison with the single-cone geometry. The greater pene-
trative sensitivity of the single-cone pinhole results in a larger direct photon flux on the
detector, particularly for larger horizontal displacements.
Chapter 4
Monte-Carlo Simulation of Pinholes
Collimators
In this chapter, Monte Carlo simulations of HDR and LDR source were performed us-
ing the single and double cone pinhole collimators discussed in the previous chapter.
The purpose of this study is to assess the resolution and sensitivity between the two
pinhole geometries for each source. Results from Monte Carlo simulations of HDR and
LDR BrachyView with single and double pinhole collimators are presented in Section
4.2. The performance for both designs are compared with the Monte Carlo simulation
results in order to determine the best pinhole geometry for HDR and LDR BrachyView.
The derived analytical model in chapter 3 is validated using Monte-Carlo simulations.
Section 5.3 summarises the findings and describes the next steps in this project.
4.1 Monte Carlo Simulations
Monte Carlo simulations of the double-cone and single-cone pinhole geometries dis-
cussed in chapter 3 were performed. A tungsten alloy plate with conical pinholes, an
192Ir and 125I sources were modelled in Geant4. The simulated HDR source consists
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of a core made from an alloy of 10% 192Ir and 90% platinum surrounded by a pure
platinum shell; this structure is based on Alpha-Omega Services HDR 192Ir source [72].
The LDR source was modelled based on the 125I seed geometry of the Oncoseed-Model
1 The iodine source is emitted from a surface distribution, 3 µm under the silver capsule.
A pixelated silicon detector was placed 8.5 mm below the centre of the collimator. The
source-to-pinhole height h for the double-cone and single-cone were set as 7 mm and
9 mm respectively. h is 2 mm greater for the single-cone pinhole simulation since
the centre of the pinhole is shifted 2 mm lower compared to the double-cone pinhole.
Figure 4.1 shows the geometry of both the double-cone and single-cone simulations.
Five source positions were simulated for each pinhole geometry, with the centre of the
source located at (θ, φ) = (60◦, 0◦), (60◦, 90◦), (75◦, 0◦), (75◦, 90◦) and (90◦, 0◦). The
cases where θ = 60◦ represent the most extreme location of the source, where it is
placed at the very edge of the pinhole FoV; θ = 90◦ represents the best-case scenario
where the source is directly above the pinholes and θ = 75◦ is an intermediate value.
For φ = 0, the source is translated in a direction parallel to its major axis (that is, along
the y-axis); for φ = 90◦, the source is moved in a direction perpendicular to its major
axis (that is, along the x-axis). Four billion photon events were generated for each
simulation; the photon energy distribution was generated based on the standard 192Ir
and 125I spectrums [72].
Monte Carlo simulations were performed to validate the analytical sensitivity models.
The simulation scenario was configured similarly to the previous simulations, with two
simplifications to match the assumptions used in the analytic model: firstly, the geom-
etry of the pinholes was changed to a knife-edge design (i.e. the cylindrical channel
was removed), and secondly, the HDR source was changed to a point source. The same
source positions were simulated. The analytical models were reintegrated using (3.10)
1Oncoseed-Model 6711 Specification Sheet, Oncura, Arlington Heights, IL 60004, USA, 2009.
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with a finite value of ρ to ensure that the RoI was within the detector FoV in the simu-
lation.
x out of page
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Figure 4.1 The simulated positions of the source (192Ir and 125I), collimator, phantom and de-
tector for the double-cone pinhole (a) and the single-cone pinhole (b). The illustration shows
the source being translated along the y-axis (i.e. φ = 0◦); a similar translation is separately
performed along the x-axis (φ = 90◦), for a total of 5 source positions (at the same vertical
distance above the collimator and detector).
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4.2 Results
4.2.1 HDR Source Model
Images of the 192Ir source model projected through the simulated double-cone and
single-cone pinhole collimators, generated using 4 billion photon events, are shown
in figure 8.11. Each figure illustrates the projection of the HDR source onto a sin-
gle 256 × 256 pixel detector array. The source was simulated at the five locations
(θ, φ) = (60◦, 0◦), (60◦, 90◦), (75◦, 0◦), (75◦, 90◦) and (90◦, 0◦) for both pinhole geome-
tries. One-dimensional image profiles were obtained across the centre of the projection
(along the x-axis). As the underlying function is known to be smooth and continuous, a
Savitsky-Golay filter was applied to the profiles to reduce noise and smooth the profile
without distorting its underlying shape; the original and smoothed signals are shown in
figure 4.3.
The full width at kth maximum of the smoothed PRFs were measured directly. The
FWkM was then plotted against each value of k for the double-cone and single-cone
pinhole for three values of θ as shown in figure 4.4.
Figures 4.5(a) and 4.5(b) display the analytical and simulated penetrative sensitivity of
the double and single-cone pinholes, respectively. The analytical models were inte-
grated using a finite value of ρ as the upper limit. This value was calculated to achieve a
RoI covering the detector plane once integrated over the azimuthal angle. The same RoI
was used for both geometries. The sensitivity from the simulations was then calculated
by integrating over the same RoI on the detector plane. Both data sets were normalised
at θ = 90◦. The confidence intervals in the simulations represent ±3σ (99.7% confi-
dence).
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(a) Double cone, θ = 90◦, φ =
0◦
(b) Single cone, θ = 90◦, φ =
0◦
(c) Double cone, θ = 75◦, φ =
0◦
(d) Single cone, θ = 75◦, φ =
0◦
(e) Double cone, θ = 60◦, φ =
0◦
(f) Single cone, θ = 60◦, φ =
0◦
(g) Double cone, θ = 75◦, φ =
90◦
(h) Single cone, θ = 75◦, φ =
90◦
(i) Double cone, θ = 60◦, φ =
90◦
(j) Single cone, θ = 60◦, φ =
90◦
Figure 4.2 Monte Carlo simulation of the projection of an image of a 192Ir source located at
(θ, φ) = (60◦, 0◦), (60◦, 90◦), (75◦, 0◦), (75◦, 90◦) and (90◦, 0◦) passing through double-cone
and single-cone pinholes onto a single 256×256 pixel detector array.
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(a) θ = 90◦, φ = 0◦ (b) θ = 75◦, φ = 0◦
(c) θ = 60◦, φ = 0◦ (d) θ = 75◦, φ = 90◦
(e) θ = 60◦, φ = 90◦
Figure 4.3 PRFs obtained from simulations of double-cone and single-cone pinhole geometries
for the five 192Ir source positions. PRFs are measured across the centre of the projection image
parallel to the x-axis and smoothed using a Savitsky-Golay filter.
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(a) θ = 90◦, φ = 0◦ (b) θ = 75◦, φ = 0◦
(c) θ = 60◦, φ = 0◦ (d) θ = 75◦, φ = 90◦
(e) θ = 60◦, φ = 90◦
Figure 4.4 FWkM calculated for k between 0.2 (and 0.25 for single-cone) and 0.95 for single-
cone and double-cone pinhole geometries, computed from the simulated PRF profiles from an
192Ir source for (θ, φ) = (60◦, 0◦), (60◦, 90◦), (75◦, 0◦), (75◦, 90◦) and (90◦, 0◦). For this
geometry, FWkM could not be evaluated for small values of k due to the limited width of the
detector.
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Figure 4.5 Penetrative sensitivity model validation of the analytical model using Monte Carlo
simulations for double-cone and single-cone pinhole geometries normalised at θ = 90◦.
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4.2.2 LDR Source Model
Images of the 125I source model projected through the simulated double-cone and single-
cone pinhole collimators, generated using 4 billion photon events, are shown in fig-
ure 4.6. Each figure illustrates the projection of the LDR source onto a single 256 ×
256 pixel detector array. The source was simulated at the same five locations as the
HDR model for both pinhole geometries. Savitsky-Golay filter was also applied to the
profiles to reduce noise and smooth the profile without distorting its underlying shape;
the original and smoothed signals are shown in figure 4.7.
The FWkM was measuered in the same way as the HDR source data and then plotted
against each value of k for the double-cone and single-cone pinhole for three values of
θ as shown in figure 4.8.
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Figure 4.6 Monte Carlo simulation of the projection of an image of a 125I source located at
(θ, φ) = (60◦, 0◦), (60◦, 90◦), (75◦, 0◦), (75◦, 90◦) and (90◦, 0◦) passing through double-cone
and single-cone pinholes onto a single 256×256 pixel detector array.
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(a) θ = 90◦, φ = 0◦
Horizontal Displacement (mm)
-6 -4 -2 0 2 4 6
R
aw
 a
m
pl
itu
de
 (
co
un
ts
)
0
10
20
30
40
50
60
70
80
Single Smoothed
Single
Double Smoothed
Double
(b) θ = 75◦, φ = 0◦
Horizontal Displacement (mm)
-6 -4 -2 0 2 4 6
R
aw
 a
m
pl
itu
de
 (
co
un
ts
)
0
10
20
30
40
50
60
Single Smoothed
Single
Double Smoothed
Double
(c) θ = 60◦, φ = 0◦
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Figure 4.7 PRFs obtained from simulations of double-cone and single-cone pinhole geometries
for the five 125I source positions. PRFs are measured across the centre of the projection image
parallel to the x-axis and smoothed using a Savitsky-Golay filter.
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Figure 4.8 FWkM calculated for k between 0.2 (and 0.25 for single-cone) and 0.95 for single-
cone and double-cone pinhole geometries, computed from the simulated PRF profiles from an
125I source for (θ, φ) = (60◦, 0◦), (60◦, 90◦), (75◦, 0◦), (75◦, 90◦) and (90◦, 0◦). For this
geometry, FWkM could not be evaluated for small values of k due to the limited width of the
detector.
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4.3 Discussion
Table 4.1
Location of the centre of the 192Ir source projected through the centre of the double-cone pinhole
compared to the location of the centre of mass of the projected image.
Source position (θ, φ) Analytic Simulation Error
x (mm) y (mm) x (mm) y (mm) ∆x (mm) ∆y (mm) ∆d (mm)
90◦, 0◦ 0 0 0.136 0.0285 0.136 0.0285 0.139
75◦, 0◦ 0 2.28 0.00580 1.50 0.00580 0.776 0.776
60◦, 0◦ 0 4.91 0.0900 3.44 0.09 1.47 1.47
75◦, 90◦ 2.28 0 1.99 0.499 0.292 0.499 0.579
60◦, 90◦ 4.91 0 4.38 0.127 0.529 0.127 0.544
Table 4.2
Location of the centre of the 192Ir source projected through the centre of the single-cone pinhole
compared to the location of the centre of mass of the projected image.
Source position (θ, φ) Analytic Simulation Error
x (mm) y (mm) x (mm) y (mm) ∆x (mm) ∆y (mm) ∆d (mm)
90◦, 0◦ 0 0 0.128 0.0221 0.127 0.0221 0.130
75◦, 0◦ 0 1.74 0.0545 1.10 0.0545 0.642 0.644
60◦, 0◦ 0 3.75 0.120 2.33 0.09 1.42 1.43
75◦, 90◦ 1.74 0 1.24 0.0442 0.500 0.0442 0.502
60◦, 90◦ 3.75 0 2.41 0.226 1.35 0.226 1.37
Table 4.3
Location of the centre of the 125I source projected through the centre of the double-cone pinhole
compared to the location of the centre of mass of the projected image.
Source position (θ, φ) Analytic Simulation Error
x (mm) y (mm) x (mm) y (mm) ∆x (mm) ∆y (mm) ∆d (mm)
90◦, 0◦ 0 0 0.0448 0.0169 0.0448 0.0169 0.0479
75◦, 0◦ 0 2.2776 0.0847 0.8787 0.0847 1.39886 1.4014
60◦, 0◦ 0 4.9075 0.0186 2.9825 0.0186 1.925 1.9251
75◦, 90◦ 2.278 0 1.7578 0.0244 0.51976 0.0244 0.5203
60◦, 90◦ 4.907 0 3.905 0.77 1.0025 0.77 1.2641
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Table 4.4
Location of the centre of the 125I source projected through the centre of the single-cone pinhole
compared to the location of the centre of mass of the projected image.
Source position (θ, φ) Analytic Simulation Error
x (mm) y (mm) x (mm) y (mm) ∆x (mm) ∆y (mm) ∆d (mm)
90◦, 0◦ 0 0 0.0465 0.1164 0.0465 0.1164 0.1253
75◦, 0◦ 0 1.742 0.069 0.7346 0.069 1.00706 1.0094
60◦, 0◦ 0 3.7527 0.0475 1.9286 0.0475 1.82417 1.8247
75◦, 90◦ 1.7416 0 1.0481 0.0232 0.6936 0.0232 0.694
60◦, 90◦ 3.7528 0 2.3265 0.1238 1.4263 0.1238 1.4316
4.3.1 HDR Source
The projection images of the 192Ir source from the simulated double-cone pinhole colli-
mator exhibit a much sharper image compared with the single-cone pinhole collimator,
confirming the predicted analytical results for pinhole resolution. There is also less
penetration close to the aperture of the double-cone pinhole compared with the single-
cone case. The total number of photons for a given source activity and exposure time is
greater with the single-cone pinhole geometry, therefore its sensitivity is better than the
double-cone pinhole.
As the source moves away from the centre of the pinholes, the CoM of the projection
shifts in the direction of the pinhole relative to the projected centre of the source (the
point of intersection of the line drawn between the source centre and the pinhole apex
with the detector plane). The differences between the CoMs of the projections and
the projected source centres are summarised in Tables 4.1 and 4.2 for double-cone and
single-cone pinholes, respectively. The shift increases for both pinholes as θ increases,
since the source is not a point source; rather, it has a physical length of 3.6 mm and a
width of 0.65 mm. This means that the end or side of the source that is closest to the
pinhole contributes in a greater photon flux density on the imaging plane compared to
the far end of the source. At θ = 60◦, the centre of the source is at the very edge of
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the FoV, which means that part of the source is actually outside the FoV (either one end
of the source, for φ = 0◦, or both ends of the source, for φ = 90◦). This is the main
reason for the significantly higher shift relative to projected centre of source which is
observed for both collimators at (θ, φ) = (60◦, 90◦); however, the error is much greater
for the single-cone case, since the difference in thickness of tungsten traversed by the
out-of-FoV portion of the source on either side of the pinhole is greater than for the
double-cone case. Therefore, the CoM of the projection at (θ, φ) = (60◦, 90◦) is a
better estimate of the projected centre of the source for the double-cone pinhole.
A smaller effect is also evident when the source is entirely within the FoV due to the
differential free-space path length traversed by photons emitted from each end or each
side of the source and passing directly through the pinhole aperture. This differential
path length results in a differential photon flux at the two ends of the projection, causing
its CoM to shift closer to the pinhole and introducing a small systematic error in the
same direction as the source displacement. For both pinhole collimators, when θ = 90◦,
the projected source centre and the CoM of the source projection are both directly below
the pinhole. As the source is translated along the y-axis or x-axis, the difference in
location of the projected source centre and the CoM of the simulated source projection
increases by similar amounts for both pinhole collimators.
Figure 4.4 shows how the FWkM changes for different values of θ and confirms that the
resolution of the double-cone pinhole geometry is also superior to that of the single-cone
pinhole, as predicted by the analytical study. FWHMs measured with θ = 90◦ for the
double-cone and single-cone pinholes were 4.63 mm and 7.98 mm, respectively. The
difference in resolution is most pronounced when θ = 90◦. The theoretical FWHMs
calculated at the detector plane were 3.10 mm and 7.15 mm for the double-cone and
single-cone pinholes respectively. This compares well with the simulation results.
Figures 4.5(a) and 4.5(b) show that results from the analytical model for sensitivity
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are in good agreement with the simulation results for both geometries. However, as
the source moves away from the centre of the pinholes, the analytical model begins
to underestimate the penetrative sensitivity. This error is due to the assumption used in
both models that all second order terms are negligible. In addition, the analytical models
assume that photons cannot penetrate the full thickness of the collimator. However, this
is not the case in practice, as approximately 20% of the gamma photons from an 192Ir
source incident on a 4 mm thick tungsten slab will penetrate the collimator and reach the
detector surface. The discrepancy between the models becomes larger as θ → 0◦, since
the ratio of the number of photons traversing the pinhole to the number penetrating the
collimator body decreases as θ decreases.
4.3.2 LDR Source
Contradictory to the 192Ir source, the projections from the LDR 125I source from the
simulated double-cone pinhole collimator were observed to have a less sharp image
compared with the single-cone pinhole collimator, shown in figure 4.6. Figures 4.7,
shows the shaper PRF for the single-cone pinhole collimator compared with the double
cone. As the source is translated away from the pinhole, the projection from the double-
cone pinhole collimator become more spread-out. The sensitivity of photons from the
PRF can be seen to be much more consistent and considerably larger for the single-cone
compared with the double cone pinhole collimator. The calculated FWkM shown in
figure 4.8, further demonstrates the superiority in resolution of the single-cone over the
double-cone pinhole design for a low energy source such as 125I. The resolution for the
single-cone collimator is shown to be consistent as the source is moved in the direction
of θ and φ. Calculations of the CoM compared with the projected CoM are shown in
tables 4.3 and 4.4 for the double-cone and single-cone pinhole collimators respectively.
Similarly, with the HDR source the shift increases for both pinholes as θ increases, since
the source is not a point source. However, the shift can be seen to be slightly larger for
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the double-cone pinhole collimator compared with the single-cone. Since the average
energy of 125I source is approximately 28 keV, 4 mm thick tungsten can be reduced to
1 mm and still block more than 95% of the penetrated photons and maintaining a better
resolution then the double-cone pinhole collimator. This would allow for a smaller
probe design for LDR BrachyView system.
4.4 Conclusion
The penetrative sensitivity of the double-cone pinhole decreases more rapidly with hor-
izontal displacement in comparison with the single-cone geometry. The greater pene-
trative sensitivity of the single-cone pinhole results in a larger direct photon flux on the
detector, particularly for larger horizontal displacements.
The difference between the CoM of the projection from the Monte Carlo simulations and
the true projected centre of the source was found to be similar for both pinhole geome-
tries when the source was entirely contained within the FoV; however, a much greater
difference was observed for the single-cone pinhole at the very edge of the field of view.
Since the CoM of the projection will be used to estimate the projection of the centre
of the source in HDR BrachyView, the double-cone pinhole will therefore enable more
accurate source source tracking in HDR BrachyView. The derived analytical model for
sensitivity of a single cone pinhole were shown to be in good agreement with results ob-
tained from Monte Carlo simulations using a realistic source model. Therefore, based
on the analytical and simulation results for resolution, sensitivity and the accuracy of the
estimated projected centre of the source, the double-cone pinhole collimator geometry
is the most suitable choice for the HDR BrachyView probe.
The 125I source showed a much higher sensitivity and resolution from the single-cone
pinhole collimator compared with the double-cone. The PRF was observed to be consis-
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tent as the source was translated horizontally compared with the double-cone pinholes
deterioration in resolution with horizontal displacement. Reducing the thickness of the
tungsten from 4 mm to 1 mm while maintaining the single-cone pinhole design would
provide an excellent pinhole system for LDR BrachyView.
Chapter 5
Reconstruction Algorithms and
Software Developments
In this chapter, the development of a real-time reconstruction software for HDR BrachyView
is discussed (section 5.1). A real-time readout system has been implemented in C++, al-
lowing for a standalone software platform to communicate directly with the BrachyView
probe. The developed algorithms for image processing and reconstruction are discussed
in section 5.1.2 and have been implemented into the software. Using Insight Segmen-
tation and Registration Toolkit (ITK) and Visualisation Toolkit (VTK) C++ libraries, a
3D visualisation platform has been developed for BrachyView discussed in section 5.2.
The objective for the software development was to create a complete standalone system
capable of displaying the reconstructed seed position in real-time overlayed onto a 3D
prostate volume taken from the TRUS system. This provides anatomical and seed loca-
tion information in a single coordinate system for real-time verification for both HDR
and LDR radiation sources.
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5.1 HDR Automated Software System
5.1.1 Software Development
Pixelman is the native acquisition software when using Timepix [73]. The software is
very generic, allowing only for data acquisition. Thus a standalone software is required
to provide real-time reconstruction using Timepix. The HDR BrachyView software was
developed in Microsoft Visual Studios 12 and Qt Creator 5.3.1, with C++ chosen as the
programing language for this development. The objective of the software was to create
a standalone platform that could communicate with the Timepix device and perform a
3D reconstruction of the HDR source in Real Time. Predeveloped hardware libraries
that communicate between the Timepix detector, FitPIX readout system and the PC via
USB 2.0 interface were used in the development. The software was devloped as a 32 bit
windows platform.
5.1.1.1 Architecture
The architecture of the software interface is shown in figure 5.1. The software consists
of five separate objects, these include the acquisition class, BrachyViewMain class, im-
age processing class, BrachyView UI class and reconstruction class. The application
was developed with three core thread to allow for simultaneous processes to be per-
formed during acquisition, which is required for a fast reconstruction system. The hard-
ware libraries implemented communication between the FitPIX readout systems to the
acquisition Class, which is initialised within the BrachyView UI class.
The two main classes that provide real time source reconstruction include the acquisi-
tion class and the BrachyViewMain class which both operate on separate threads for
optimal performance. The acquisition class is responsible for controlling the frames,
this includes pulling the frames from the FitPIX readout system, sorting the frames in
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Figure 5.1 Architecture of software interface
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a buffer, saving the frames to disk from memory and deleting the frames from memory.
Once an acquisition starts the frame is stored in a buffer held in memory temporality,
the frame is converted into a matrix data type called cv::Mat using OpenCV external
libraries. This data type allows for better handling of the frames and ease of use with
specific OpenCV functions used in the BrachyViewMain class.
Once the frame is converted into a cv::Mat data type it is sent off as a signal using Qt
signal and slot mechanisms to the BrachyViewMain class and BrachyView UI class.
When the next frame is ready to be pulled out from the FITPix readout the previous
frame is deleted from memory, this method allows the acquisition to run continuously
without running out of memory.
The BrachyView UI class takes the frame and displays the image within the Graphical
Unser Interface (GUI), the class controls all GUI interactions. The BrachyViewMain
class is responsible for the reconstruction of the HDR source, this involves implemen-
tation of image processing algorithms as well as the reconstruction algorithms within
separate classes. Once the frame is received from the acquisition class as a cv::Mat
data type the system checks the SBR to see if there is HDR source present if so the
reconstruction process begins.
Image processing functions are used to isolate and label the projections. The recon-
struction algorithm then takes the processed frame and performs the 3D reconstruction
of the source. The reconstructed x, y, and z, positions of the source are stored in a vector
of doubles (floating point number) and held in memory for the entire acquisition as well
as being displayed within the GUI. Once the reconstruction processes is complete the
next frame is taken from the FitPIX and sent to the BrachyViewMain class for process-
ing. When the total acquisition is complete the 3D positions are saved to disk from the
vector held in memory as an ASCII file type. This method results in faster processing
time, able to reconstruct source positions within sub second dwell times.
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5.1.1.2 Interface
Figure 5.2 shows the BrachyView GUI, all aspects of the interface are controlled in the
BrachyView UI class, which is the centre control of the entire software. The BrachyView
UI class operates on a separate thread to all other classes, this allows for a seamless in-
teraction with the GUI during acquisition. The class is also responsible for creating the
other two threads when an acquisition is initialised.
1. Display: 2D colormap display of the acquired frames from the TimePIX detector.
The size of the display is dependent on the number of TimePIX chips connected,
and will adjust accordingly.
2. Acquisition Control: Controls all inputs required for running an acquisition, this
includes specifying the number of frames, the acquisition time per frame, as well
as the type of acquisition (Integral or frame by frame). The file control system
specifies the saving of frames and reconstructed source positions to disk. A
progress information box is implemented to monitor the progress of the acqui-
sition in real time.
3. Histogram: Displays the intensity histogram of the current frame, this information
is useful in assessing dynamic range of the image and useful ROI.
4. Frame Information: Displays information about currant frame, as well as intensity
values of specific pixels and there coordinates based on the mouse cursor position
on the display.
5. 3D Source Position: Displays currant 3D reconstructed source position.
6. Display Control: The display control, is used to change any display settings within
the display window. The colormap type can be changed to either grayscale or jet,
Reconstruction Algorithms and Software Developments 78
1
2 3
4 5
6
7
(a)
(b)
Figure 5.2 Graphical User Interface of BrachyView software
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the original image or processed image can be view into the display. The frame
control box is used to slide through the acquired frames that have been pre-loaded
into the software for offline analysis. The contrast window is used to change the
dynamic range of the currant frame.
7. Menu Bar: The menu bar has two main options, file and settings. The file option
allows users to connect to the TimePIX chip once the system is plugged into the
PC, save and load frames from disk into memory. It also allows the user to load
specific configuration files used to configure the DAC settings for the TimePIX
chips. The settings menu gives information about the connected TimePIX chips
as well as the readout system.
5.1.2 Reconstruction Algorithm
The reconstruction process is performed in four steps: imaging pre-processing, detec-
tion and labelling of the multiple projections, calculation of their CoM, and three di-
mensional reconstruction of the source position. For an automated system to be imple-
mented, all algorithms require fast processing time and a robust algorithm that consis-
tently produces accurate and repeatable results.
5.1.2.1 Image Processing
During the pre-processing step, the acquired projected images are filtered using a 2D
median filter. The filter is applied twice to the image, this allows the reduction of the
speckle noise and increases the signal to background ratio. Once this is performed
isolating the projections are performed using an image thresholding method. Isolating
the source projections in real time can be very difficult, this is because the signal to
background ratio is depended on where the HDR source is within the prostate relative
the detector. The closer the source is the larger the counts are on the detector thus the
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larger threshold value is needed to isolate the projections appropriately. The further
away the source is the lower the threshold value is needed to isolate the projections.
Previous methods of reconstruction used visual aide to appropriately isolate the projec-
tions. However, for a real time system this method cannot be implemented. Thus an
algorithm that automatically applies an appropriate threshold value is needed for real
time source reconstruction. This algorithm has been implemented, and can be separated
into two components: a global threshold, and a local threshold. Once the image has
been filtered, the pixels values are copied into a one dimensional array and sorted from
low pixel value to high. The top 10% percent of the total pixel optical densities are left
in the image, the reaming values are cut off. This is known as the global threshold, and
further increases the signal to background ratio of the image.
Before the local threshold is applied two morphological operators are applied to the
processed image: erosion and then dilation. The erosion operator attenuates the halo,
caused by the high energy photons that have penetrated through the collimator, resulting
in a much shaper and accurate projection of the source. Morphological dilation performs
the opposite of the erosion function; a structural element is moved around the image that
is determined from the shape of the neighbouring pixels over which, the maximum is
taken resulting in more well-defined source projections. These enhancements result in
a faster and more accurate detection and labelling of the projections and the calculation
of their CoM.
The local threshold is a method of applying a separate threshold for each projection, this
results in the same sized projection and statically similar number of optical densities.
Before this method can be applied the projections have to be located on the detector
plain. To detect each projection, the pre-processed image is scanned horizontally. Once
the beginning of a projection is found, the software determines the size of the projec-
tions horizontally. The software flags this as a possible projection and records the pixel
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Vertical structural 
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Horizontal structural 
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element pass 
(true Projections found)
Vertical structural 
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Figure 5.3 Scanning algorithm implemented into the BrachyView software to autonomously
find and label correct projects for local thresholding and reconstruction.
co-ordinates, the scan continues until the end of the projection. If the width of the pro-
jection is large enough to be a possible source projection, the system flags it as a source
projection and outputs the end co-ordinate, this continues until the end of the image.
Once the horizontal scan is complete a vertical scan is performed in the same way. The
vertical scan only scans between the horizontal coordinates limit determined by the hor-
izontal scan. If the size vertically is large enough to be a projection the co-ordinates are
outputted and saved in a vector. Figure 5.3 depicts the detection and labelling processes
performed by the software.
The local threshold is then applied to each region separately using the same method as
the global threshold function. Regions outside the projections may have small clusters
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of pixel values due to scattering of the tungsten collimator. Thus all regions outside the
projections are cleared. A final horizontal and vertical scan is performed to allow for a
tighter region section of the projections.
5.1.2.2 Reconstruction
The coordinate system of BrachyView is defined in the software as the corner of the last
Timepix chip, shown in figure 5.4.
Z
Y
X
Y (0,0,0)
Figure 5.4 Timpix array showing coordinate system of BrachyView.
The outputted co-ordinates of the ROI for each projection are passed through the CoM
function. This process calculates the CoM for each projection and stores the 2D (x,y)
plainer co-ordinates into a vector. The final process is the 3D reconstruction, this in-
volves back projecting the lines and locating the 3D source position. The co-ordinates
of the CoM for each projection are used along with those of their corresponding pinholes
to construct a line vector along which the source is located denoted as
−→
dn where n rep-
resents the number of projections in the system. Figure 5.5 depicts the back projection
reconstruction method implemented.
−→
dn =
−−−→
AnBn = (Bn − An) (5.1)
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Figure 5.5 Reconstruction of source from three projections using a back projection method.
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The challenge when calculating the direction vectors arises from the number of back
projection lines N that are possible. This can be expressed mathematically as:
N = m− n+ 1 (5.2)
where m is the number of pinholes on the gamma camera system, and n represents the
number of projections on the imaging plane. For example, a five pinhole system with
three projections will have three possible reconstructed positions. The process of back
projection is sequential. The first projection is back projected through the first corre-
sponding pinhole, with the second projection back projected through the second pinhole
and so forth. Once all line vectors are determined the next order of back projected lines
are calculated. The first projection is back projected through the second pinhole, with
the second projection back projected through third pinhole and so forth. This can be
mathematically expressed as:
−−→
dn+1 =
−−−−−→
AnBn+1 = (Bn+1 − An) (5.3)
Figure 5.6 shows the three possible reconstruction positions based on a five pinhole,
three projection system. Reducing multiple solutions into a single true solution is per-
formed based on expectation of where the source is asumed to be located. The true
reconstruction position can be determined by taking into consideration the 1
r2
depen-
dency from a radioactive source. Since a high photon flux will be present directly below
the imaging plane, the detectors CoM can be found to be closest to the true reconstructed
source position. By taking the difference between the y reconstructed value of all pos-
sible positions and the y value of the detectors CoM, the closest distance between these
will indicate the true reconstructed position. This quickly eliminates all other possible
reconstructed positions.
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Figure 5.6 Three projections from a single source, depicting all three possible reconstructed
positions. The true position is located by finding the smallest distance in the y plane to the
detector’s CoM.
The difficulty in reconstructing a source in 3D is finding the exact point of intersection
between all projected lines. Most of the time the reconstructed vector lines will not
meet at a point and will be skewed. Simply calculating the mid points between all
lines to determine the reconstructed source position is not an accurate or robust method
in finding the true position. The method used in the reconstruction is to calculate the
minimum distance between all the line vectors. This is the most accurate and reliable
method to determine the position of the source. To find the minimum distance to all
lines we first consider an arbitrary point P in space with coordinates (x, y, z). Upon
calculating all the line vectors dn, we can calculate the distance from the line vectors
to the point P . The minimum distance from point P to the lines dn would be the
perpendicular distance hn.
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−→
hn =
−−→
BnP ×
−→
dn∣∣∣−→dn∣∣∣ (5.4)
Summing all the perpendicular distance
−→
hn to the point P we get a expression that
represents the minimum distance from all lines to the point P as function of x, y and z.
f(x, y, z) =
n∑
n=1
−→
hn (5.5)
Thus if the function f(x, y, z) is minimised, the point of minimisation will represent
the intersection of all back projected lines in 3D space. This method is illustrated in
figure 5.5.
To minimise this function the Nelder-Mead method is implemented [74]. This method
is used to find the position of the source by locating the point with minimum distance
from all lines. It only uses function evaluations (i.e. no derivatives) thus is an iterative
optimisation technique stating at a specified point P . It uses a Simplex, which is a
polytope in N dimensions with N + 1 vertices shown in figure 5.7. In a 3D case,
a tetrahedron moves around the function by reflections, expiations and contractions,
while the simplex gets smaller until a minimum solution is located. The simplex at the
end of each step can be either a reflection away from a high point, both a reflection
and expansions towards a low point, or a contraction along one dimension away from a
high point. These sequences and steps will always converge to a minimum of the input
function.
The iteration of the Simplex algorithm first involves reordering the points P such that
f (Pn+1) > f (P2) > f (P1) (5.6)
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Figure 5.7 Simplex polytope geometry. (a) Shows the original Simplex in 3D as a Tetrahedron,
(b) shows a reflection away from a high point, (c) both a reflection and expansions towards a low
point, and (d) depicts a contraction along one dimension away from a high point.
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where Pn+1 represents the worst point. A trial point Pr is then generated by reflection
Pr = P + α
(
P − Pn+1
)
(5.7)
where P =
∑
i Pi
(N+1)
and α > 0 represent the centroid and reflection factor respectively.
The value of Pr replaces P1 if
f (P1) < f (Pr) < f (Pn) (5.8)
Thus the new best point is now Pr. Since the reflection produced a successful new point
we can assume that the direction of the reflection is good and move on to generate a new
point Pe by expansion.
Pe = Pr + β
(
Pr − P
)
(5.9)
where β > 0 and is defined as the expansion factor. If f (Pe) < f (Pr) the point Pn+1
is replaced by Pr. If f (Pr) < f (Pn) then it is assumed the polytope is too large, hence
the simplex contacts along the centroid direction in the hope that the new point f (Pc)
is better than the previous point.
Pc = P + γ
(
Pn+1 − P
)
(5.10)
where γ (0 < γ < 1) is the contraction coefficient. If f (Pc) < f (Pn+1) then the con-
traction has sufficed and replaces Pn+1 by Pc. If failed the simplex will contract again.
Once the point replaces P1 the current iteration processes is completed and the next
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iteration can begin. The advantage of the Nelder-Mead method is its robustness, this
is very important for the application of a real time 3D reconstruction method. The
algorithm should always be stable, repeatable and converge to an accurate solution.
5.2 3D Visualisation Tool Kit
5.2.1 Software Development
A 3D visualisation software application has been developed for the BrachyView system.
The purpose of the software is to have a 3D interaction scene to view the prostate volume
and LDR/HDR source into a single coordinate system. This provides all information
(anatomical and source location) into a single platform for treatment analysis.
The software has been developed using Microsoft Visual Studios 12 and Qt Creator
3.4.0 in C++ as a 32 bit windows platform. The application can perform a quantitative
3D volumetric reconstruction of the prostate volume from the raw ultrasounds slices
taken from a clinical TRUS system. This is achieved by using external C++ libraries
ITK and VTK, which are open source software tools for image analysis, 3D reconstruc-
tion and visualisation for medical imaging applications.
The VTK architecture is based on a demand-driven, pipeline architecture, data must be
connect through a series of pipelines. Objects must be connected together and data re-
quested at each stage of the pipeline. The processes of constructing a pipeline involves,
connecting sources (creating or acquiring data), filters (processing data), and mappers
(map the data to be rendered by rendering engine in the graphics library), figure 5.8
depicts the visualisation pipeline.
To create a graphics object a render window needs to be implemented, once this is
achieved a renderer object will be created, in addition to an interactor object (allows in-
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Render Window
Figure 5.8 Architecture VTK pipeline system.
teraction with the graphics). The rendering objects implemented in VTK are essentially
Open Graphics Library (OpenGL) wrappers. OpenGL is a multi-platform application
programing interface (API) for rendering 2D and 3D vector graphics, it communicates
directly with the graphics hardware i.e. the graphics processing unit (GPU) of a com-
puter system. In this part of the pipeline the user has no direct access to the data, the
data is transformed to code most efficient for the graphics hardware.
An Actor object which represent geometric objects in a rendered scene may also be
created, each of which are linked to a mapper. All graphics properties may be modi-
fied before rendering is performed, this may involve transforming the objects, setting
the material properties, creating light, texture maps, and various other graphics object
properties.
5.2.1.1 Architecture and Algorithm
The architecture of the software is shown in figure 5.9. The software consists of four
separate objects, these include the Processes Slices class, MainWindow class, Volumet-
ric Reconstruction class, and DisplayVolume class. The MainWindow class is the centre
control of all other objects, it is responsible for initialising and creating the other objects
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and control of all GUI commands within the class. The MainWindow class has a load
file system that can load a multitude of data types depending on the application.
The raw ultrasound images are loaded into the Processes Slices class through the load
file system as a bit map format (.bmp). This class is responsible for preparing the ul-
trasound slices for reconstruction. The raw ultrasound images contain information that
can introduce unwanted bars in the reconstructed image. This is caused by the grid
dots overlayed across the images, which are used to provide information on the needle
placment from the perineal grid attached to the TRUS system. As well as removing
the grid dots the ROI is selected as a tight rectangle encompassing entire prostate vol-
ume. OpenCV library is used to remove the gridlines, this is done by performing a
bilinear interpolation at these regions. A masked image is created with ones where the
interpolation is required and zeros across the rest of the image. This provides a very
accurate and conformal interpolation across these region. The result of this is shown in
Figure 5.10, this was taken using a bk3000 TRUS system imaged with a CIRS tissue
equivalent prostate gel phantom. Once this is performed the image is split away from the
three channel red, green, and blue components, into a single channel grey scale image
and saved to disk.
Once the processed images are loaded back, they are stored into a std::vector and sent
to the Volumetric Reconstruction class. This class is responsible for the reconstruction
of the images into the correct data type for rendering, it is also where the VTK pipeline
begins. The images are first converted into an ITK image format (3-channle unsigned
char data type). Once this is performed the images are stacked and the pixel spacing in
the x, y, and z direction are set to provide an image volume. The x and y pixel spacing
are calculated based on the raw US images. Since the grid dots are 5mm apart based on
the perineal grid placed on the TRUS system for treatment. The pixel spacing in units
of mm
px
can be determined as the number of pixels between each grid dot is known. The
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Figure 5.9 Architecture of 3D visualisation software interface.
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Cropped Image Masked Image
Final Image
Figure 5.10 Ultrasound image taken from CIRS tissue equivalent prostate gel phantom. Pro-
cesses of removing grid dots using an interpolation algorithm.
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pixel spacing in the z direction is inputted as the slice thickness used when scanning the
prostate volume using the TRUS system. The reconstructed volume can be saved as a
MetaImage (.mhd) format, which is a special medicine image format used in ITK and
other medical graphics visualisation software.
When the ultrasound slices have been reconstructed into a 3D volume it is sent to the
DisplayVolume class for rendering. The image is first converted into a VTK image for-
mat for compatibility with the pipeline processes. A shallow copy is performed during
the conversion process. This creates a pointer to the address where the data is stored
and allocates it to the new vtkImage Data object. The object undergoes ray casting
performed on the GPU via VTKGPURaycastMapper, the mapper is then set and the
volume returned to the MainWIndow Class. The volume properties of the new object
can then be modified in the MainWindow class via the Set Volume Properties function.
The opacity settings, volume shading and colour of the volume can be modified within
the GUI with real time updates inside the render window. A linear interpolation volume
property is set within the function before the volume is rendered. This interpolates the
data across the volume slices in the z direction creating a smoothed 3D image across
the prostate volume. The final process if the VTK pipeline includes creating a render
window object and adding the volume into the object for rendering. This creates default
interaction within the GUI such as, zooming, panning and 3D rotation of the volume.
Once the 3D prostate volume is displayed in the render window, the source (LDR or
HDR) can be added into the scene as vtkActors. The load file system is used to load
txt files containing 3D reconstructed seed/source positions. The positions of the source
must be in the TRUS coordinate system of which the reconstructed prostate volume
is defined in. The TRUS coordinate system is further explained in chapters 7 and 8.
An 125I and 192Ir geometric seed model have been developed in a Computer-Aided De-
sign (CAD) program (AutoDesk 2013) and saved as a Standard Tessellation Language
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(.STL) format. This format only contains the surface geometry of a 3D object, thus the
rendering and textures are performed in VTK.
Once the loaded source positions are converted into a std::vector they are sent to the
DisplayVolume where the 125I or 192Ir STL seed models are loaded into the software
from a resource file within the software directory. The models are converted into a
PolyDataMapper, this maps polygon data to graphics primitives. The actor (defined
as the seed object) is the created and the mapper set. The position of the actor within
the coordinate system of the software is set and the actor is return to the MainWindow
Class. Once the actor is ready to be added to the render window, the actor properties
can be set, this includes, colour of object, ordination, translation and more. The render
window is finally updated and the fusion between the prostate volume and reconstructed
seed/source positions can be viewed.
5.2.1.2 Interface
Figure 5.11 shows the 3D visualisation softwares GUI, all aspects of the interface are
controlled in the MainWindow class.
1. Render Window (Display): The 3D reconstructed ultrasound images are displayed
in this window. The window is interactive allowing zooming, panning and rotat-
ing.
2. Opacity Settings: The opacity settings allows the modification of the transparency
of the 3D model. This allows the user to visualise the seeds/source within the
prostate volume without losing information of volumetric outlines and critical
structures, such as the urethra and seminal vessels.
3. Menu Bar: The file button in the menu bar allows the loading and saving of files
and is directly linked to the load file system. The raw images of the ultrasound
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Figure 5.11 Graphical User Interface of 3D visualisation software
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can be loaded into the software here. The processed images are saved to disk
where they can be loaded back in for reconstruction. The 3D reconstructed model
can be saved here for use with other 3D visualisation software. Loading the 3D
seed/source positions as a txt file is also performed here. The display menu bar
controlled all properties related to the render window. This includes setting the
colour of the background, controlling the volume properties, such as setting shed-
der to on/off and changing the colour of the volume if desired. The coordinate axis
gridlines can also be modified, the gridlines can be set to on/off, or can be set to
nearest/furthest. The colour of the seed/source models can be also modified here
if desired for better distinction between the 3D prostate volume and seeds/source.
The camera angle can also be rest here.
5.3 Conclusion
In this chapter, windows platform software applications were developed in Qt Creater
using C++. The developed real-time reconstruction software, is capable of acquiring
data from the Timepix detector and processing them during acquisition for reconstruc-
tion. The developed reconstruction and image processing class, were implemented with
a novel dynamic threshold algorithm capable of processing projections from the HDR
source regardless of source location. This developed software will be validated experi-
mentally in chapter 6.
The 3D visualisation software, was successfully developed and capable of reconstruct-
ing quantitative ultrasound slices of the prostate volume taken from TRUS system. HDR
and LDR seed models were implemented into the software to allow seed visualisation
once the reconstructed data from the BrachyView system is and sent through the soft-
ware in the TRUS coordinate system. The software was experimentally tested in chap-
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ters 7 and 8 for both HDR and LDR respectively. Future improvements to the software
will be to combine the two developed interfaces into a single application. This will
allow for real-time seed information to be updated in the 3D visualisation screen.
Chapter 6
Validation of Real-time Software using
HDR Source
In this chapter the prototype BrachyView probe is introduced and the detectors cali-
brated to provide a uniform response across the pixels. The developed real-time recon-
struction software from chapter 5 is validated experimentally using an 192Ir HDR source
and the HDR BrachyView prototype probe. A small treatment delivery plan was devel-
oped and the source was moved at varying locations in a solid water phantom block.
The reconstructed source positions from the BrachyView probe was compared with the
planned source positions and validated using a CT scan of the experimental setup.
6.1 HDR BrachyView Probe
The HDR BrachyView probe consists of a tungsten cylindrical shell with a thickness
of 4 mm shown in figure 6.1. Seven double cone pinholes are drilled on the surface of
the probe. The pinholes have a truncated knife-edge design connected by a cylindrical
channel of 0.5 mm in depth. The pinholes have a diameter of 0.5 mm and an opening
angle of 90◦, each pinhole is spaced 6.5 mm apart and is designed to cover the full
99
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Figure 6.1 Cross section of HDR BrachyView probe. (a) Longitudinal cross section. (b)
Transversal cross section.
field of view (FoV) of the prostate volume and have a focal length of 11.14 mm. The
collimator design is based on analytical modelling, Monte-Carlo simulations performed
in chapter 3.
An edgeless quad Timepix assembly is embedded within the tungsten collimator. The
size of each Timepix chip is 256 × 256 pixels in with a pixel size of 55 × 55 µm2. The
total imaging area consists of 256 × 1024 pixels giving a total area of 14.08 × 56.32
mm. Due to the design of the PCB layout, the Timepix chips are bonded off centre on
the PCB, this has resulted in the pinholes to be drilled 5.85 mm from the centre of the
tungsten tube to align with the centre of the Timepix chips. This will limit the FoV of
the system and has increased the size of the proposed prototype probe to 32.65 mm.
A redesign of the PCB is required to centre the Timepix detectors and thus centre the
pinholes and reduce the size of the probe to 25 mm in diameter. Figures 6.2(a) and
6.2(b) shows photos of the HDR Brachyview probe and quad Timepix assembly with
the defined BrachyView coordinate system respectively.
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(a) Photo of HDR BrachyView probe
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Z
(b) Photo of Timepix quad assembly, showing BrachyView coordinate system
Figure 6.2 Photos of BrachyView system.
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6.2 Timepix Calibration
6.2.1 Energy Calibration
The Timepix detectors are operated in Medipix mode. In this mode photos are counted
above a set threshold, the threshold lower settings (THL) can be adjusted using the Pix-
elman software [73]. The energy calibration allows the conversion of the THL settings
from DAC units to units of energy (keV). Performing an energy calibration allows the
adjustment of THL in terms of energy on each chip, thus providing a uniform energy
response across the four chips. The calibration is performed by operating the detector
in TOT mode. The response of the TOT with energy is nonlinear at lower photon ener-
gies (Below 20 keV), however with higher input charges the energy response is linear
as shown in equation 6.1. Here we are mainly concerned with the linear parameters a
and b, since we plan on operating the detector with much higher photon energies then
20 keV.
TOT = a+ bE +
c
t− E
(6.1)
The calibration was performed by measuring the TOT value for a single hit on each
pixel and then fitting the resulted spectrum to the pixel energy using a known radiation
source. This procedure assumes all pixel values have a uniform response. Ten fully
active 125I seeds were used to perform the energy calibration. The seeds were spread
uniformly and placed approximately 15 mm above the quad detector assembly (figure
6.3). Photon counts were found as a function of the THL DAC values. The peaks of
the spectrum were found by matching the three main peaks from the 125I differentiated
spectrum ( dCts
THL
).
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Figure 6.3 Setup of energy calibration, showing 125I seeds placed uniformly above quad
Timepix assembly and shielded by lead.
Figure 6.4 shows the differentiated threshold energy spectrum using 125I source. The
first three peaks show the iodine spectrum energies. The fourth peak is silver fluores-
cence from the seed capsule. The last three peaks show lead emissions from the L shell
caused from the protective lead shielding used within the experiment, which was placed
directly above the seeds. Plotting the peak engines emissions from the 125I source as a
function of the THL value we get the final THL calibration expression shown in figure
6.5.
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Figure 6.4 Differentiated spectrum ( dCtsTHL ) as a function of the THL DAC values. X-ray fluores-
cence of 125I are labelled corresponding to a specific THL value. Silver fluorescence from the
seed capsule and fluorescence from the L shell of the lead shielding was also observed.
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Figure 6.5 THL calibration line. The points indicate the energy peaks if 125I source correspond-
ing to the THL DAC values.
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6.2.2 Uniform Flat Field Calibration
The quad Timepix assembly that was received was found to be unusually unstable. The
response of the pixels seemed to be non-uniform, particularly at the edges of the chips.
The energy calibration improved the response between each detector, however the re-
sponse seemed to behave non uniformly at the edges of each chip when operated at full
depletion (100 V bias). To correct for the over responding edges a flat field correction
was applied to the frames. The detector was exposed to a uniform beam of 200 keV
photons from an X-ray orthovoltage machine. A field size of 10 × 10 cm2 was used
and placed as far as possible from the detector (approximately 50 cm) to provide a flat
field. Using equation 6.2 a flat field correction was applied, FFmean is the mean pixel
value of the flat field array, I represents the raw frame from the Timepix and FFcorr is
the outputted corrected frame.
FFcorr =
FFmean
I
(6.2)
Figures 6.6(a) and 6.6(b) shows an image of a thumb drive imaged with the X-ray or-
thovoltage machine before and after the flat field correction was applied respectively.
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(a) Before flat field correction
(b) After flat field correction
Figure 6.6 Image of USB thumb drive using 200 keV X-ray beam from an orthovoltage machine.
Flat field correction applied to frame to corrected for non-uniform pixel response.
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6.3 Experimental Validation of Software
The real-time reconstruction software discussed in chapter 5 was validated experimen-
tally using a HDR Flexitron R© unit and solid water phantom blocks. The major focus
of this experiment was to make sure the software algorithm can accurately reconstruct
the source in real-time at different source to collimator distances. This would test the
dynamic threshold algorithm implemented by changing the intensity of the projections
on the imaging plain.
6.3.1 Experimental Setup and Procedure
A custom tissue equivalent PMMA block with a cylindrical slot to hold the BrachyView
probe was made as part of the phantom. The block was manufactured to allow for a
perfect fit with no air gap between the surface of the collimator and the PMMA block.
The block also provided a ridged setup to reduce any mechanical movements during
the experiment. The phantom comprises of 90 × 90 mm2 tissue equivalent solid water
blocks of varying thickness from 0.3-10 mm. A custom solid water block was used
to allow the catheter to be housed into a 2 mm diameter channel that runs half way
through the phantom block along the y axis. The HDR Flexitron R© unit was connected
to the catheter.
Figures 6.7(a) and 6.7(b) shows the experimental setup and treatment delivery used
during the experiment. The delivery plan was set so that the source would translate
along the y axis in steps of 5 mm, 2 mm, 5 mm, 2mm and then 5 mm, with the source
ending at the tip of the catheter. Five tests, shown on table 6.1 and figures 6.7(a) and
6.7(b) were acquired during the experiment. The catheter was placed directly centred
on the pinhole in the x axis at a source to collimator distance of 15.8 mm. The catheter
was then moved up by 10 mm increments on the z axis, and the measurements were
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repeated. The catheter was then moved towards the centre of the collimator and then
moved again by 7.8 mm on the x axis away from the pinholes, both measurements were
at a source to collimator distance of 35.8 mm.
Table 6.1 HDR delivery plan for experimental validation.
Test x (mm) y (mm) z (mm)
1
Above pinhole
6 positions moving
5-2-5-2-5 mm
15.8
2 25.8
3 35.8
4 Above collimator 35.8
5 7.8 mm from centre collimator 35.8
The dwell time was set to 20 seconds, with the BrachyView software set to acquire every
0.5 seconds in frame by frame mode. A dummy seed was placed inside the catheter and
a CT scan was performing to validate the end position of the source during the delivery.
An abdominal CT scan was selected with 1 mm slice thickness. This information would
be used to correct for any systematic shifts in the x, y and z axis of the reconstruction
due to moving the solid water blocks for each test, and validate the reconstruction from
the BrachyView system. Figures 6.8(a) and 6.8(b) show the CT scan of the experimental
setup the inserted dummy seed.
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Figure 6.7 Experimental setup: Showing custom PMMA holder for the BrachyView probe and
solid water phantom blacks with catheter dwell positions.
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Figure 6.8 CT scan of experimental setup with inserted dummy seed, used to validate HDR
source position with reconstructed position from BrachyView probe.
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6.3.2 Results
The reconstructed values from the BrachyView system and the planned source positions
are shown in table 6.2. Figures 6.9(a), 6.9(b) and 6.9(c) show the estimated source
positions reconstructed in real-time from the BrachyView system and plotted with the
planned source positions. The two-dimensional scatter plots are projected on the three
planes in the BrachyView coordinate system. A three-dimensional scatter plot of the
estimated source positions and the planned positions is shown in figure 6.10. Figure
8.16 shows a histogram of the percentage of source position within a certain discrepancy
between the reconstructed source and the planned locations in the x, y and z directions.
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Table 6.2
Coordinates of the planned and reconstructed source positions relative to the BrachyView coor-
dinate system. The total error between planned and reconstructed source positions is shown in
the table.
Planned Reconstructed Error
Test x (mm) y (mm) z (mm) x (mm) y (mm) z (mm) ∆d (mm)
1
7.62 -1.70 41.47 8.06 -1.53 40.00 0.83
7.62 3.30 41.47 7.87 3.11 40.59 0.58
7.62 5.30 41.47 7.90 5.38 41.53 0.12
7.62 10.30 41.47 7.90 9.98 41.67 0.67
7.62 12.30 41.47 7.91 12.57 41.87 0.53
7.62 17.30 41.47 7.82 17.30 42.07 0.34
2
7.62 -1.70 31.47 8.06 -1.53 40.00 1.55
7.62 3.30 31.47 7.87 3.11 40.59 0.93
7.62 5.30 31.47 7.90 5.38 41.53 0.29
7.62 10.30 31.47 7.90 9.98 41.67 0.47
7.62 12.30 31.47 7.91 12.57 41.87 0.56
7.62 17.30 31.47 7.82 17.30 42.07 0.63
3
7.62 -1.70 51.47 7.60 -2.51 50.94 0.97
7.62 3.30 51.47 7.49 2.41 51.30 0.91
7.62 5.30 51.47 7.53 4.93 51.41 0.39
7.62 10.30 51.47 7.48 9.68 51.60 0.64
7.62 12.30 51.47 7.39 12.46 51.36 0.30
7.62 17.30 51.47 7.36 17.26 52.19 0.76
4
3.52 -1.70 51.47 2.90 -2.16 50.95 0.93
3.52 3.30 51.47 2.97 2.83 51.31 0.74
3.52 5.30 51.47 2.93 5.18 51.31 0.62
3.52 10.30 51.47 2.82 9.86 51.66 0.84
3.52 12.30 51.47 2.89 12.53 51.68 0.70
3.52 17.30 51.47 2.95 17.52 52.00 0.81
5
-4.28 -1.70 51.47 -4.42 -2.33 51.97 0.81
-4.28 3.30 51.47 -4.28 2.94 51.33 0.39
-4.28 5.30 51.47 -4.31 5.31 51.43 0.06
-4.28 10.30 51.47 -4.21 10.21 51.14 0.35
-4.28 12.30 51.47 -4.21 12.95 51.48 0.66
-4.28 17.30 51.47 -4.42 17.73 51.62 0.48
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Figure 6.9 Coordinates of reconstructed and planned source positions, showing two-dimensional
view of reconstructed and planned source positions. scatter plots projected on the three planes
of the coordinate system.
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Figure 6.10 Three-dimensional view of reconstructed and planned source positions.
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Figure 6.11 Histogram plot, showing the discrepancies between the planned and reconstructed
source positions, in all coordinate axis (x, y and z).
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6.3.3 Discussion
The planned source position validated by the CT scan show the software was able to re-
construct at these locations in the phantom, as shown in figures 6.9(a), 6.9(b), and 6.9(c).
The total error between the measured and planned source positions was calculated by
looking at the difference in the x, y and z-axis (equation 6.3).
∆d =
√
∆x2 + ∆y2 + ∆z2 (6.3)
The error for each position is shown in table 6.2. The software was able to accurately
reconstruct the HDR source in real time with an error less than 1 mm for 29 out of the
30 reconstructed source positions. The major source of errors in the reconstruction are
due to the asymmetry of the projections. This is caused by the sensitivity of the 192Ir
source varying across its length relative to the distance to the imaging plain, as discussed
in chapter 5. This affects the calculation of the CoM in the y axis. The error in the
reconstructed position along the z axis is due to the movement of the catheter in the
solid water block. There is approximately 0.33 mm of space between the catheter and
the diameter of the channel, adding to the uncertainty is the assumption that the HDR
source is translated constantly along the y axis with no variation along z. However, this
is not the case as the catheter itself is not straight and has a curve like shape across its
length, in addition to the play within the solid water block.
The discrepancy between the reconstructed values and the planned positions were shown
to be small, with 99% of the reconstructed values in the x, y and z axis all within
submillimeter to the planned source positions as shown in figure 8.16.
The implemented dynamic thresholding and scanning algorithms to segment and locate
the projections of the source was able to reconstruct the HDR source at varying loca-
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tions within the phantom. This is evident when the intensity of the source changes with
the source to collimator distance. Figures 6.12(a) and 6.12(b), and figures 6.12(c) and
6.12(d), show the raw and processed projections of the 192Ir source at a source to col-
limator distance of 15.8 mm and 38.5 mm, respectively. The projections were clearly
processed in real-time regardless of the intensity of the source (relative z location).
The algorithm was observed to calculate false reconstructions in some frames. Medium
to large Pixel clusters were found to be flagged as a projection, passing through all
of the logical operations of what a projection is defined as. This was most evident
when the source was close to the detector, causing a large penetration of photons to
be counted, with similar raw pixel counts as the projections. The dynamic threshold
algorithm cannot filter out raw pixel counts that are very similar to the projections, thus
are left in the final image, figures 6.13(a) and 6.13(b) show the raw projections and the
processed projections with false pixel clusters.
Improvement to the image processing functions is required to make a more robust recon-
struction algorithm, capable of processing the projections without producing false pixel
clusters. A more intelligent segmentation algorithm is needed, to further add logical
parameters to determine a projection. Looking at the shape of the projection, pixel area,
inertia (motion of source) and placement relative to the other projections is required to
eliminate false projections.
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(a) Raw projection at source to collimator distance of 15.8 mm.
(b) Processed projection at source to collimator distance of 15.8 mm.
(c) Raw projection at source to collimator distance of 35.8 mm.
(d) Processed projection at source to collimator distance of 35.8 mm.
Figure 6.12 Raw and processed projections of HDR source, at varying source to collimator
distance. Dynamic threshold algorithm able to processes projections successfully regardless of
intensity on imaging plain.
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(a) Raw projection
(b) Processed projection
Figure 6.13 Dynamic threshold algorithm, processing false projections due to high intensity
pixel counts with similar values to real projections.
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6.4 Conclusion
The quad Timepix detector array were calibrated to allow for a uniform response of
photon counts per pixel using the energy calibration method and a flat field correction.
The real-time reconstruction software was validated experimentally using the prototype
BrachyView probe. A small HDR treatment plan was developed and the 192Ir source
was moved in different locations in a solid water phantom. Results showed accurate
reconstruction with 29 of the 30 reconstructed positions within submillimeter from the
planned source locations, which were validated using a CT scan of the experimental
setup. Errors between the reconstructed and planned positions were found to be within
1 mm. The dynamic thresholding algorithm was capable of processing the projections
independent of the source location for almost all situations. However, the algorithm
failed on some occasions in filtering out high count pixel clusters when the source was
close to the collimator. This was found to be due the software not being able to logically
differentiate pixel cluster size and number of counts between real and false projections.
The next version of the software will incorporate more logical parameters for identifying
a projection. This will include looking at the circular shape, and area of the projections,
as well as the relative location of the projections between each other, thus filtering out
the false projections.
Chapter 7
Preclinical Results of HDR
BrachyView System with TRUS Image
Fusion
In this study, the HDR system (software and hardware) was evaluated using a full clin-
ical treatment plan and a tissue equivalent prostate gel phantom. TRUS imaging was
used to volume the prostate and a co-registration between the BrachyView and TRUS
probes were performed to provide a fused Image of the prostate volume and recon-
structed dwell positions. A CT scan of the experiential configuration was performed to
validate the accuracy of the BrachyView reconstruction algorithm.
7.1 Experimental Configuration
A full HDR treatment plan was prepared to test and evaluate the HDR BrachyView
probe along with the developed real-time reconstruction software using a CIRS tissue-
equivalent prostate gel phantom. A custom PMMA stand was used to mount the CIRS
prostate gel phantom as well as the TRUS stepper unit with the grid to prevent any
mechanical movements during the experiment. The bk3000 TRUS system was used
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to volume the prostate gel phantom and establish the base of the prostate as the origin
within the TRUS coordinate system. Once the base of the volume was found, the TRUS
was translated 5 mm further back from the base; this was used as the starting point for
imaging the slices through the prostate volume. A slice thickness of 2.5 mm was used
to volume the prostate. After voluming the prostate, the twenty four catheters were
implanted using ultrasound guidance; the catheter arrangement based on the treatment
plan is shown in figure 7.1.
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Figure 7.1 2D view (z-x plan) of TRUS grid with catheter needles marked implanted based on
the treatment plan.
Once all catheters had been implanted, the BrachyView probe was placed in the open
cavity below the prostate and connected to the FitPIX readout system. Figure 7.2 shows
the configuration of the experimental configuration. A CT scan of the entire system
was then performed, which was later used to co-register the BrachyView and ultrasound
dataset into a single reference frame.
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Figure 7.2 Configuration of experiment, with BrachyView system placed inside rectal cavity
of CIRS prostate gel phantom with implanted catheters. Phantom is placed on custom PMMA
stand and fixed into place to reduce mechanical movements during treatment.
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A HDR Flexitron R© afterloader was used for the treatment delivery. Twenty four transfer
tubes were attached to the catheters that connect the front of the afterloader to the front
of the catheters. The origin of the coordinate system (i.e. dwell position of 0 mm) is
defined as the entrance of the catheter, shown in figure 7.3.
FitPIX 
connector
BrachyView 
probe
TRUS stepper
unit
PMMA stand
FitPIX
Grid template
Prostate gel
phantom
Transfer tube
from afterloader
Catheter
Dwell position
0 mm
Figure 7.3 Photo of experimental configuration, showing main components of experiment and
starting dwell position based on the TPS.
The treatment plan was created based on the inserted catheter positions. The 192Ir source
was moved to 200 positions with 5 mm steps along the y-axis, and with dwell times
ranging from 0.1-7.7 seconds. Tables 7.1 and 7.2 shows the full treatment delivery
created by the TPS deployed from catheters 1-12 and 13-24 respectively. The delivery
was performed twice with two acquisition times of 0.1 and 0.5 seconds per frame on the
BrachyView acquisition to evaluate the accuracy in reconstruction with lower statistical
photon counts on the Timepix detector. Since the pinholes are offset along the x-axis,
approximately half the prostate volume is outside the field of view (FoV) of the imaging
plane. Thus once the treatment delivery was complete, the probe was rotated along
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the x-axis and the treatment repeated to cover the full FoV of the prostate volume for
reconstruction.
Table 7.1
Treatment delivery from the TPS for catheters 1-12, showing source positions and dwell times
of 192Ir source based on TPS coordinate system.
Channel 1 2 3 4 5 6 7 8 19 10 11 12
Dwell Position
(mm) Dwell Times (s)
179 – – – – 3.7 – – – 3.1 – – 0.5
184 – – 3.9 1.1 1.6 – – 1.2 1.8 – 0.9 0.4
189 3.0 2.5 1.9 1.0 2.3 1.8 1.3 0.4 1.8 1.4 5.6 0.2
194 0.8 1.1 – 0.1 1.8 1.1 2.6 0.5 2.6 0.5 1.3 –
199 4.4 1.8 2.0 0.4 0.1 4.3 1.9 0.2 0.3 0.2 3.9 0.2
204 0.1 2.1 0.1 0.1 4.0 0.4 0.4 1.2 0.3 1.5 0.5 –
209 4.4 1.1 4.1 – 0.9 3.8 4.1 0.4 1.1 0.3 0.5 0.1
214 2.4 0.7 0.1 0.1 3.6 0.8 0.4 – 1.1 0.8 3.1 0.2
219 2.2 3.1 0.7 2.3 5.0 2.4 0.9 2.5 0.3 0.6 4.3 2.9
224 1.0 – 1.9 2.6 0.8 – 4.4 2.6 0.1 – 0.6 4.7
229 – – – 3.0 – – – 2.8 – – – –
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Table 7.2
Treatment delivery from the TPS for catheters 13-24, showing source positions and dwell times
of 192Ir source based on TPS coordinate system.
Channel 13 14 15 16 17 18 19 20 21 22 23 24
Dwell Position
(mm) Dwell Times (s)
179 3.3 – – 5.5 – – 3.3 – – 4.4 – –
184 1.1 – 2.1 1.1 2.8 3.2 2.9 – 3.6 1.8 – 3.2
189 2.0 1.6 1.3 0.3 2.1 2.1 2.7 2.4 3.6 5.7 0.5 1.0
194 1.0 1.0 – 0.2 2.1 0.4 0.8 – 2.3 3.3 2.3 4.7
199 4.4 0.5 0.1 – 1.6 0.6 0.9 7.1 2.4 4.0 1.5 2.1
204 1.3 1.9 – 0.1 0.4 0.4 – 1.1 0.6 5.5 2.2 5.8
209 2.7 0.4 – 0.1 3.2 0.1 0.4 7.8 1.2 5.1 1.4 1.3
214 2.3 2.6 – 0.1 – 0.4 – – 0.1 0.2 0.3 2.8
219 3.1 0.1 – – 3.6 1.3 0.4 5.2 0.1 2.4 7.7 5.5
224 4.5 1.9 1.0 1.1 – 0.9 0.6 5.5 1.7 10.1 0.1 0.2
229 – – 2.2 – – 3.5 0.2 – 0.9 – – –
7.2 Coordinate Transformation
Since the probe is rotated to visualised the HDR source outside the FoV, the reconstruc-
tion of the source position will be offset in the non-rotated plane. Thus a coordinate
transformation needs to be applied to bring the coordinates back into the non-rotated
plane. Figure 7.4 depicts the coordinate system of the rotated and non-rotated plane.
The coordinates (x1, y1, z1) represent the source position reconstructed in the rotated
plane at angle α, xo and zo are the corrected coordinate values in the non-rotated plane.
The polar radius R represents the distance from the reconstructed source to the defined
origin. Equations 7.1 and 7.2 represent the coordinate transformation of x and z in the
non-rotated plane.
xo = RCos(φ+ α) (7.1)
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Figure 7.4 Coordinate transformation, from rotated to non-rotated plane.
zo = RSin(φ+ α) (7.2)
Where;
R =
√
x21 + z
2
1 (7.3)
φ = Tan−1
(
z1
x1
)
(7.4)
7.3 CT Validation
A CT scan of the experimental configuration was performed with the BrachyView probe
placed inside the gel phantom cavity using a Philips Brilliance CT machine. An abdom-
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inal scan was performed with a slice thickness of 1 mm. Metal Artifact Reduction for
Orthopedic Implants (O-MAR) was selected to reduce the streaking artefacts produced
from the tungsten collimator of the BrachyView probe. The planned dwell positions
were found by placing metal marker wires attached to a dummy HDR seed, in each
catheter. The position of the dummy source within the catheter represents the final
dwell position in the TPS coordinate system shown in figure 7.3. Performing a CT scan
with the implanted metal markers, the last dwell positions were found relative to the
CT coordinate system. The planned dwell positions were then calculated using the TPS
based on each marker from the CT scan. Figure 7.5, shows the schematic of the CT
scanned setup, labelled with the coordinate systems of the CT, BrachyView, and TRUS
systems. Using the CT dataset, the planned source dwell positions were co-registered
into the BrachyView coordinate system to validate the reconstruction algorithm. The
CT data was also used to mechanically co-register the position of the BrachyView sys-
tem to the TRUS coordinate system.
7.4 Results
A 3D scatter plot showing the reconstructed dwell positions and planned source loca-
tions determined by the CT and TPS dataset is shown in figure 7.6. The discrepancies in
reconstructed and planned dwell positions is shown in figure 8.16. Transversal (Z-X),
sagittal (Z-Y), and coronal (Y-X) views of the reconstructed dwell locations for catheter
20 are plotted along with the planned dwell locations, shown in figure 7.8. Figures 7.9
and 7.10, show the reconstructed dwell positions as a function of the total dwell time,
plotted with the TPS dataset for catheter 23 and 24 respectively. Figure 7.11, showed
screen shots of the visualisation software. The TRUS images have been reconstructed
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Figure 7.5 Schematic of experimental configuration showing CT, BrachyView (BV) and TRUS
coordinate systems. Metal markers containing a dummy HDR source were implanted into each
catheter and CT scanned to determine final dwell position in the TPS.
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into a 3D volume of the prostate, all reconstructed dwell positions from the BrachyView
system have been co-registered using the CT dataset into the TRUS coordinate system.
The planned locations determined from the CT and TPS are also displayed.
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Figure 7.6 3D scatter plot of reconstructed dwell positions from the BrachyView probe, plotted
with the planned source positions determined using the CT dataset and TPS.
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Figure 7.7 Histogram plot, of percentage of reconstructed dwell positions within a certain dis-
crepancy between the CT determined dwell locations.
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Figure 7.8 Reconstructed dwell positions from catheter 20 plotted with planned positions de-
termined from the TPS and CT dataset within the BrachyView coordinate system. (a) X-Z, (b)
Y-Z, (c) X-Y plane.
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Figure 7.9 Reconstructed dwell positions as a function of the total dwell time, plotted with the
TPS data for catheter 23.
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Figure 7.10 Reconstructed dwell positions as a function of the total dwell time, plotted with the
TPS data for catheter 24.
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Figure 7.11 Screen shot of visualisation software, depicting reconstructed prostate volume
taken from the TRUS probe and co-registered with the reconstructed dwell positions from the
BrachyView system. The planned locations determined by the CT and TPS dataset are also
displayed.
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7.5 Discussion
The BrachyView system was successfully able to track, the HDR source during delivery.
Figure 7.6 shows a 3D scatter plot of the reconstructed dwell positions plotted with the
planned dwell positions determined using the CT and TPS dataset. The BrachyView
system was able to reconstruct 175 source dwell positions out of a possible 200. Due
to the limitations in the acquisition speed, dwell times of 0.3 seconds or less could
not be reconstructed by the BrachyView system. Figure 8.16 shows the percentage
of source dwell positions within a certain discrepancy between the BrachyView and
planned locations in the x, y and z axis. Around 78% of the reconstructed data were
determined to be within 1 mm of the planned locations in the x, y and z axis. The
discrepancy in z was observed to be largest, this was found to be due to the assumptions
that the TPS data set along z is straight and constant.
However, the CT data shows needle flexing, particularly around the ends of the catheters,
which caused the discrepancies along z to increase with y translation. Figure 7.12 shows
a needle bend from catheter 4 of 2.7 mm in z axis from the directions measured from the
start to the final dwell position. The BrachyView reconstructed data at the start of the
dwell position was found to be zstart = 36.205 mm with the end position reconstructed
at zend = 38.956 mm, a difference of 2.751 mm. Compared with the CT and TPS data
set which was determined based on the final dwell position as zCT = 38.897 mm. The
BrachyView system was able to accurately track the dwell position of the HDR source,
during bending of the catheters. Discrepancies in in the reconstructed dwell positions
were also found to be caused by catheter shits during delivery. Since the CT scan was
performed pre-treatment, the experimental configuration was moved into the delivery
room, motion from fixing the channels from the HDR after loader onto the catheter
and movements of the catheter wire driving the HDR source from the after loader con-
tributed into the movements of the catheters within the gel phantom. A post CT scan
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should of been performed to verify quantitatively any catheter shits during delivery.
2.7 mm
TPS
BV
Figure 7.12 Screenshot of the CT data showing needling bending of catheter 4. Blue broken
line shows z position determined from the CT marker and TPS. Red broken line, shows path of
BrachyView reconstructed data.
Figures 7.8 (a), (b) and (c), shows a 2D scatter plot of the reconstructed dwell positions
and the planned positions from catheter 20 on the transversal (Z-X), sagittal (Z-Y), and
coronal (Y-X) planes. The BrachyView reconstruction data shows excellent agreement
with the planned dwell locations. The error in the reconstructions are within the esti-
mated planned locations. The sources of error in the reconstruction are based on the
accuracy in locating the pinholes within the defined BrachyView coordinate system,
and the accuracy in calculating the CoM of the projections. A maximum error in the
reconstruction of ±0.336, ±0.334, and ±0.603 were calculated for the x, y and z axis
respectively. The errors in determining the planned locations based on the CT data were
sourced from the accuracy in locating the markers within the CT dataset. Based on the
resolution of the scan, the error in finding the marker on the CT dataset was determined
to be ±0.369, ±0.563, and ±0.369 in the x, y and z axis respectively.
The temporal resolution of the quad Timepix assembly showed limitations in determin-
ing the dwell position of the HDR source with 0.3 second dwell time or less. Although
the shortest acquisition time was set at 0.1 seconds per frame within the software, the
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real frame rate was found to be approximately 0.29 seconds per frame. The additional
time was found to be caused by a combination of the dead time from the Timepix de-
tector as well as the slow readout speed from the FitPIX over USB 1.1 interface. In
addition, the quad Timepix assembly requires more data to be sent taking more time.
Figures 7.9 and 7.10 show the reconstructed source position per frame against the total
acquisition time plotted with the TPS dataset for catheter 23 and 24 respectively. The
plots show a gradual step between dwell positions opposed to a steep fall which should
be expected. larger discrepancies in source position can be observed when the source is
moving into the next dwell position. The slow frame rate may pick up combined counts
from the previous dwell position and cause a larger error in the reconstruction, an exam-
ple of this can be clearly seen in the y-t axis. A faster readout system is required to be
able to reconstruct dwell positions within 0.1 seconds, this would also allow the dwell
time to be calculated independently within the BarchyView software for a complete
tracking system.
The 3D visualisation software was used to display the prostate volume and reconstructed
position within the same coordinate system. Figure 7.11 shows screen shots at dif-
ferent viewpoints from the software software, with the US slices reconstructed into a
3D volume and BrachyView data co-registered into the same coordinate system. The
planned data is also displaced for comparison, the concept of mechanical co-registration
between BrachyView and the TRUS probe proved to be successful. A more clinical ap-
proach would be to developed the BrachyView probe to fit within the TRUS stepper
unit, thus allowing a mechanical co-registration between the two probes eliminating CT
altogether. A quad Timepix assembly bonded onto a centred PCB would reduce the
diameter of the probe to 25 mm, and allow the pinholes to be centred on the probe. This
would eliminate the need to rotate the probe due to a lack of FoV, and potentially allow
the TRUS to be combined with BrachyView into a single probe, allowing a mechanical
registration between the two systems and eliminating coordinate registration altogether.
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7.6 Conclusion
A prototype BrachyView system utilising a quad Timepix assembly was developed
along with a real time acquisition and 3D visualisation software for source reconstruc-
tion. The complete system (software and hardware) was used with a full HDR clin-
ical treatment plan and a tissue equivalent prostate gel phantom. The reconstruction
data was validated using pre-plan CT scan with inserted markers within each catheter.
BrachyView data showed excellent agreement with the planned dwell positions with
78% falling within submillimeter of their nominal location. The BrachyView system
was able to pick up needle bending as the source is translated across the catheter. Due
to limitations in the temporal resolution of the FitPIX readout system, dwell times of
0.3 seconds or less could not be resolved for reconstruction, resulting in 175 out of
200 dwell positions to be reconstructed. A successful co-registration was performed
using the CT dataset and was visualised using the developed 3D visualisation software.
The study shows the BrachyView system is a very powerful tool capable of tracking
the HDR source in real-time, overlaid with the TRUS images providing dwell position
and anatomical information without the need of external radiation imaging for source
verification.
Chapter 8
Combining LDR Seed Positions with
TRUS Imaging in a Prostate Gel
Phantom
In this chapter a prototype LDR BrachyView probe has been developed based on pin-
hole modelling performed in chapter 4. The probe presented in this chapter consists of
a gamma camera equipped with three single cone pinhole collimators drilled through
a 1 mm thick tungsten tube. Three Timepix detectors are placed directly beneath each
of the pinholes. In this study, the first prototype of the LDR BrachyView probe is pre-
sented along with its performance evaluation in a gel phantom. A limited LDR treatment
plan using a tissue-equivalent ultrasound prostate gel phantom (CIRS Inc., Norfolk VA,
USA) was performed [75]. The accuracy of the newly developed post-processing recon-
struction algorithm (written in C++) using the BrachyView probe was also evaluated.
CT images were utilised as the reference data to identify the expected location of the
seed positions (ground truth). A BrachyView-TRUS-based image fusion using a me-
chanical co-registration method was performed. Seed position information within to
the prostate anatomy was completed using an in-house 3D visualisation graphical user
interface. The reconstructed prostate from the TRUS slices was validated using the CT
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dataset. A dose evaluation study was performed to establish the effect of reconstructed
seed locations on the estimated delivered dose based on TG-43 calculations [76]. A
dose volume histogram (DVH) of the clinical target volume (CTV), as well as 2D iso-
dose curves across slices of the prostate volume, were calculated using the reconstructed
source positions provided by the BrachyView system and CT dataset.
8.1 Materials and Methods
8.1.1 BrachyView System
The BrachyView probe (figure 8.2) has a length of 80 mm and consists of three single
cone pinholes with a truncated knife-edge design drilled through 1 mm thick tungsten
tube collimator. The pinholes were spaced 22.5 mm apart and have an opening of 112◦,
with a physical diameter of 0.5 mm connect by a cylindrical channel of 0.1 mm length.
Below each pinhole lies a single high resolution pixelated silicon detector, the Timepix.
Each Timepix chip has a resolution of 55 × 55 µm2 and an individual sensitive area
of 256 × 256 pixels, with a total imaging area of 14.08 × 42.24 mm. The Timepix
chips were placed 4.5 mm below the pinhole collimators and spaced 8.4 mm apart. The
geometry of the probe design allows the FoV to cover the full prostate volume along
the X-Z and Y-Z plane. The dead zone of the FoV along the Z-plane is approximately
6 mm from the surface of the collimator. This distance represents the average space
from the posterior wall of the prostate to the anterior wall of the rectum estimated of
approximately 6 mm [77]. The printed circuit board (PCB) protruded the tungsten tube
where the connection to the FitPIX readout system was made.
The probe was sealed with a 70 µm thick layer of Kapton to provide protection from
water/gel spills and reduce dose to the rectum wall from backscattering low energy
electrons from the tungsten surface [69]. Figure 8.3 shows a photo of the BrachyView
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probe sealed with Kapton. The detector to pinhole distance (focal length) has been
selected to allow an optimum trade-off between magnification (magnification < 1) and
FoV as investigated in previous studies (chapter 4) [34, 78].
Figure 8.1 Photo of triple chip Timepix assembly, each chip is spaced 8.4 mm apart. The PCB
is attached to the base of the BrachyView probe.
8.1.2 Experimental Configuration
A 30 seed LDR treatment plan was performed using a tissue equivalent ultrasound
prostate phantom. Thirty seeds were chosen for implantation to simplify the problem
of investigating the accuracy of the developed post-processing reconstruction algorithm
and fusion between BrachyView and TRUS. A polymethylmethacrylate (PMMA) stand
was developed to fix the prostate phantom and adjust its position with respect to the
TRUS stepper system, as shown in figure 8.4. The TRUS system was also fixed onto
the PMMA stand to create a rigid setup to prevent mechanical movements during the im-
plantation. The procedures followed were based on the clinical protocol used for LDR
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Figure 8.2 Design of BrachyView probe, incorporating three Timepix detectors housed in a 1
mm thick tungsten tube.
Figure 8.3 BrachyView probe, incorporating three Timepix detectors housed in a 1 mm thick
tungsten tube, sealed with kaption.
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treatment. The TRUS was first used to find the base of the prostate (distal plane), which
was defined as the origin of the TRUS coordinate system. The TRUS was translated
5 mm beyond the base along the superior-inferior axis (negative y-axis). The prostate
was then imaged using 2.5 mm slice increments using a sagittal crystal until the prostate
was completely covered.
Eleven needles containing a total of 30 125I seeds with an average activity of 0.508 U
were inserted into the prostate phantom using ultrasound guidance. Figure 8.6 shows
the treatment plan and needle arrangement of the procedure. After each needle was
implanted, the ultrasound probe was removed and the BrachyView probe placed inside
the phantom cavity to image the cumulative implanted seeds. The probe was aligned
with the middle pinhole directly lined up with the middle of the prostate identified by
the TRUS and the probe position marked on the phantom for future reference. This
step of the experiment was important as the reconstruction was performed frame by
frame, thus the probe was required to be in the same position for each frame capture.
Figure 8.5 shows a photo of the experimental configuration with the BrachyView probe
inserted inside the gel phantom during imaging. After all 30 seeds were implanted, a CT
scan of the setup with the BrachyView probe inserted was performed using the Philips
Brilliance CT system (Brilliance CT Big Bore, Andover, USA). A scanning protocol
with 1 mm slice thickness and 0.5 mm inter-slice acquisition was used.
8.1.3 Reconstruction
The reconstruction for LDR BrachyView follows the same methodology as the HDR
BrachyView reconstruction technique discussed in chapter 5. However, the LDR algo-
rithm requires reconstructing multiple seeds by locating and identifying the projections
of each seed through each pinhole. Figure 8.7 depicts the reconstruction methodology
for a single LDR seed. The centre of mass (CoM) of each projection is calculated based
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Figure 8.4 Experimental setup showing CIRS tissue equivalent ultrasound prostate phan- tom
and TRUS system placed on PMMA holder. TRUS system inserted at origin (base of prostate).
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Figure 8.5 Experimental configuration showing BrachyView probe inserted inside tissue equiv-
alent ultrasound prostate phantom during seed imaging.
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Figure 8.6 VariSeed treatment plan, (a) Needle loading table, showing planned seed positions
for 30 0.400 mCi 125I seeds. (b) 2D grid of needle implant, showing plane location of first seed.
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on the counts in each pixel of Timepix forming a cluster of high count regions and then
back-projected through the corresponding pinhole. The origin of the BrachyView coor-
dinate system is defined as the corner of the last Timepix chip, as illustrated in figure 8.8.
A maximum of three vectors lines can be achieved for each seed and a minimum of two
vector lines are required to reconstruct a seed. The pinhole spacing and geometry were
designed to allow for two projections from each seed on the imaging plane at all times
within the FoV of the prostate volume. Since the vector lines in 3D do not necessarily
intersect at a point, the smallest distance between all vector lines is taken for reconstruc-
tion of seed position, which is discussed in chapter 5.
Seeds
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Timepix Detector
Tungsten Shell
Projections
B1P B2P
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B1 B2
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Figure 8.7 Conceptual view of reconstruction method for 125I seeds within a prostate volume.
In this study, all 30 seed positions were reconstructed offline using the developed recon-
struction software. The reconstruction was performed needle by needle (i.e. frame by
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frame), with an acquisition time of 60 seconds per frame. The regions of interest (ROI)
for each projection were selected manually. After the projections were located, the CoM
is automatically calculated and the reconstruction algorithm is applied. The implanta-
tion of each needle is performed using a raster scanning method starting from the top
left corner of the brachytherapy implantation grid, placed against the inter-perineal area,
and ending at its bottom right. This method allows elimination of any overlapping pro-
jections during the implantation. Although additional seeds are required to be inserted
that may cause overlapping projections, the system is able to reconstruct these seeds by
the implementation of a background subtraction algorithm [79].
This method allows the subtraction of the previous frame from the current frame, taking
into account the number of pixel counts per unit time, thus allowing for visualisation of
the currently implanted seeds. After each needle implantation, the frame (f ) is recorded
and acquisition of the new map restarted (frame f + 1). Pixel counts of the frame f are
then subtracted to the frame f + 1; net pixel count map is then used to identify the seeds
implanted during the frame f + 1. The subtraction procedure follows the implantation
routine and maintains the background pixel counts almost constant despite the increase
of the number of seeds implanted. The subtraction algorithm is expressed in equation
8.1, where fn(i, j) represents the pixel frame array at the nth frame number, tn represents
the acquisition time of the nth frame, and g(i; j) is the outputted subtracted frame. This
method also allows for visualisation of the current implanted seeds.
g(i, j) = fn+1(i, j)−
(
fn(i, j) +
fn(i, j)
tn
× tn+1
)
(8.1)
Once the reconstruction data and ultrasound slices are obtained, they are feed into the
developed 3D visualisation software discussed in chapter 5. The purpose of the software
is to have a 3D interactive platform to visualise the prostate volume and LDR seeds
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into a single coordinate system. To represent the LDR seeds in the volumetric TRUS
dataset, an LDR seed model has been developed based on the 125I seed geometry of
the 1. Loading the reconstruction positions in the TRUS coordinate system generates a
digital seed model to the specified position, thus giving a fused image of the volume of
the prostate overlaid with the LDR seeds.
8.1.4 CT Validation
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Figure 8.8 Figure shows CT, BrachyView and TRUS coordinate systems based on experimental
setup.
A CT scan of the prostate phantom with the implanted seeds was performed using a
Philips Brilliance CT system. A slice thickness of 1 mm was selected with a 0.5 mm
overlap, Metal Artefacts Reduction for Orthopaedic Implants (O-MAR) was selected
to reduce the streaking artefacts caused by the tungsten collimator. The CT scan was
used as the reference dataset to determine the nominal locations of the LDR seeds and
1Oncoseed-Model 6711 Specification Sheet, Oncura, Arlington Heights, IL 60004, USA, 2009.
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compare them to the BrachyView reconstructed positions. The CT data was also used
to perform a point-to-point mechanical co-registration between BrachyView and TRUS.
The alignment of the BrachyView and TRUS probes were performed using fiducial
mechanical points (needle grid on the TRUS stager relative to 5 mm from the base of
the prostate volume and left corner of the first Timepix chip) and the dataset is co-
registered using this reference points as coordinate origins (figure 8.8). For the purpose
of the visualisation and consistency with the TPS, the TRUS coordinate system is the
reference frame to which the BrachyView system is co-registered.
Figure 8.8 depicts the reference frame of all coordinate systems including the CT scan
of the setup. The vector rBV (x, y, z) between the origin of the coordinate system of the
TRUS and BrachyView is derived and used to transform the BrachyView reconstruction
values into the TRUS coordinate system. The same methodology (vector rCT (x, y, z))
was used to transform the seed positions from the CT data to the TRUS coordinate sys-
tem to compare with the reconstructed data from the BrachyView system. The CT data
was also used in evaluating the accuracy of reconstructing the prostate gland from the
TRUS slices. This was performed by measuring the dimensions of the gland in the right-
left (width), superior-inferior (length) and anterior-posterior (height) directions, shown
in figure 8.9.Evaluation of the CT and TRUS measurements were performed using the
FWHM of the profiles extracted from the DICOM files and bitmap images, respectively,
and uncertainty evaluation was based on measurement of the 80-20% penumbra of the
profiles.
8.1.5 Dose Study
A dose study utilising TG-43 calculations was performed to establish and evaluate the
effects of reconstructed seed locations on the estimated delivered dose. Dose calcula-
tions were performed based on the reconstructed seed positions from the BrachyView
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Figure 8.9 CT slice of the prostate gel phantom in 3D slicer software. Measuring right-left
(width), superior-inferior (length) and anterior-posterior (height) dimensions to compare with
reconstructed TRUS volume.
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system and the CT determined seed locations. 2D isodose curves were created on each
plane across the prostate volume with 5 mm planar increments. The isodose curves
from the BrachyView and CT-determined by seed locations were compared by over-
laying each onto a single plane. The isodose curves for each plane were calculated by
assuming full decay of the seeds as the total treatment dose and integrating the total
dose from each seed at each position of a 700 × 700 pixel grid (7 × 7 cm2), using a
slice thickness of 0.1 mm.
A DVH of the CTV was calculated utilising the reconstructed source positions provided
by the BrachyView system and CT scanner. A 60 × 60 × 60 (6 × 6 ×6 cm3) 3D dose
volume matrix was used in the calculation with a voxel volume of 0.1 × 0.1 × 0.1 cm3.
The CTV was defined as the 100% isodose surface based on the seed positions from
the CT data set. This was used to eliminate discrepancies due to error in defining the
volume over which the CTV was calculated. A prescribed dose of 50 Gy was set as
the CTV; any voxel with a dose greater or equal to the prescribed dose was set within
the CTV. The volume receiving 100% of the prescribed dose, V100, was determined by
summing the total number of voxels within the CTV with doses greater than or equal
to the prescribed dose, and then multiplying by the individual voxel volume. V150
and V200 were determined using the same method; however the voxels were summed
at 150% and 200% of the prescription dose, respectively. D90, which represents the
minimum dose that 90% of the target volume receives, was calculated by placing the
dose of each voxel within the CTV into a linear array sorted from highest to lowest
dose. The 90th percentile value of the array was determined as D90. The DVH was
plotted for each dose value from 0 to 560 Gy, with the percentage of the CTV with dose
greater than or equal to the corresponding dose value.
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8.2 Results
The seed locations based on the BrachyView reconstruction and CT data are plotted
in figure 8.11. The seed positions are co-registered with the BrachyView coordinate
system and are plotted on to the three planes of the coordinate system (X-Z, Y-Z, and
X-Y plane). Figures 8.10(a) and 8.10(b) show the projections of 28 and 30 125I seeds
onto the Timepix detector, respectively. The background subtraction algorithm between
the two frames highlighting the last implanted seeds is shown in figure 8.10(c). The
seed locations based on the BrachyView and CT data (planned positions) are shown in
table 8.1. The seed positions are co-registered with the BrachyView coordinate system
and discrepancies along the x, y and z-axis between the planned and reconstructed seed
positions are tabulated. The total 3D error r for each seed are also shown.
Figure 8.12 shows a 3D scatter plot view of the reconstructed positions plotted together
with the CT determined seed positions. Figure 8.13 shows screen shots from the de-
veloped software visualisation interface at various viewing points, displaying the 3D
prostate reconstructed and scaled based on the ultrasound slices from the TRUS probe.
Fused with the prostate model are the LDR seeds from the BrachyView probe (blue)
and CT data set (red) co-registered into a single coordinate system (TRUS-Coordinate
system).
The isodose images based on BrachyView and CT determined seed positions are plotted
at three slices in the BrachyView coordinate system, y = 30 mm, y = 35 mm and y = 50
mm, and are depicted in figure 8.14. Figure 8.15 shows the DVH plot from each data
set (BrachyView and CT) for a 50 Gy prescription dose.
The projections of the LDR seeds in figure 8.10(b) shows a high SBR with all 30 seeds
successfully resolved without the need to implement the background subtraction algo-
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Table 8.1
The coordinates of planned (CT dataset) and reconstructed seed positions within the BrachyView
reference frame. The discrepancies between the two planned and reconstructed positions in the
x, y and z axis is denoted as dx, dy, and dz respectively. The total 3D error between the planned
and reconstructed seed positions is defined as r =
√
d2x + d
2
y + d
2
z
Seed # Planned(mm)
Reconstructed
(mm) Difference (mm)
x y z x y z dx dy dz r
1 28.62 42.70 37.00 27.89 43.60 37.27 0.72 0.90 0.27 1.19
2 27.70 32.45 37.40 27.06 33.07 37.27 0.64 0.62 0.13 0.90
3 27.00 18.30 38.70 26.80 18.77 38.89 0.20 0.47 0.19 0.54
4 3.35 46.45 37.50 2.85 45.39 37.07 0.51 1.06 0.43 1.25
5 2.99 31.45 38.50 3.01 30.89 38.77 0.03 0.56 0.27 0.62
6 2.62 21.20 39.20 2.57 20.55 38.97 0.05 0.65 0.23 0.69
7 31.80 44.20 32.10 30.60 43.15 33.08 1.20 1.05 0.97 1.87
8 31.10 33.90 32.50 30.25 33.07 32.86 0.85 0.83 0.36 1.24
9 -7.50 45.90 35.20 -8.43 44.48 35.17 0.93 1.42 0.03 1.69
10 -7.50 35.90 35.00 -8.05 34.26 35.15 0.55 1.64 0.15 1.74
11 23.48 52.70 19.80 21.96 51.67 20.20 1.51 1.03 0.40 1.87
12 22.74 42.60 20.00 21.38 41.50 20.93 1.35 1.10 0.93 1.98
13 21.99 32.60 20.30 20.84 31.56 21.24 1.15 1.04 0.94 1.81
14 12.40 48.20 21.80 11.15 47.14 22.18 1.26 1.06 0.38 1.69
15 11.90 37.60 22.40 10.92 37.35 22.35 0.98 0.25 0.05 1.01
16 11.70 28.20 22.90 10.84 27.08 23.09 0.86 1.12 0.19 1.42
17 11.60 17.60 23.27 10.46 17.78 22.86 1.14 0.18 0.42 1.23
18 1.70 40.70 20.69 0.43 39.00 20.78 1.27 1.70 0.09 2.12
19 2.07 30.70 21.20 1.19 29.15 21.17 0.88 1.55 0.03 1.78
20 2.00 20.60 21.90 1.32 19.10 22.05 0.68 1.50 0.15 1.66
21 24.10 43.20 28.15 22.92 42.75 28.37 1.18 0.45 0.22 1.28
22 24.20 32.90 28.10 22.57 32.57 28.39 1.63 0.33 0.29 1.69
23 24.20 22.70 27.99 23.32 22.59 28.83 0.88 0.11 0.84 1.22
24 -3.40 45.70 27.67 -3.88 44.77 28.60 0.48 0.93 0.93 1.40
25 -3.55 35.20 27.60 -3.32 33.74 27.37 0.23 1.46 0.23 1.50
26 -3.60 25.20 27.70 -3.11 24.25 28.13 0.49 0.95 0.43 1.15
27 22.20 42.20 47.00 22.78 42.81 46.01 0.58 0.61 0.99 1.30
28 21.60 32.20 47.40 23.16 33.52 47.10 1.56 1.32 0.30 2.06
29 5.77 39.40 47.40 6.11 41.18 47.51 0.34 1.78 0.11 1.82
30 5.50 30.70 47.60 5.59 30.58 46.89 0.09 0.12 0.71 0.73
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Needle 10 (28 Seeds)
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Needle 11 (30 Seeds)
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Background Subtraction (2 Seeds)
(c)
Figure 8.10 (a) and (b) show projections of 28 and 30 125I seeds onto the Timepix detector
respectively, (c) background subtraction method between frame (a) and (b) showing projections
of last implanted seeds in needle 11.
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(a)
(b)
(c)
Figure 8.11 2D scatter plots of reconstructed seed positions from BrachyView system and CT
determined seed positions co-registered in the BrachyView coordinate system on each coordi-
nate plane. (a) X-Z, (b) Y-Z, (c) X-Y plane.
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Figure 8.12 3D scatter plot of reconstructed seeds from BrachyView and CT determined seed
positions.
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BrachyView
CT
(a) (b)
(c) (d)
Figure 8.13 Screen shot of software interface depicting 3D prostate model reconstructed from
US images with reconstructed seed positions from both the BrachyView and CT data set co-
registered into a single coordinate system.
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(a) y = 30 mm (b) y = 35 mm
(c) y = 50 mm
Figure 8.14 Planer isodose curves of CTV for BrachyView reconstructed seed positions (blue)
and CT determined seed locations (red). Isodose curves were taken at slices where the majority
of seeds were implanted, y = 30, 35 and 50 mm relative to the BrachyView coordinate system.
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Figure 8.15 Dose Volume Histogram of BrachyView (blue) and CT (red) determined seed posi-
tions for a 50 Gy prescribed dose treatment plan.
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Figure 8.16 Histogram plot, depicting the discrepancies between the CT determined seed loca-
tions and the reconstructed seed positions from the BrachyView system.
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(a) (b)
Figure 8.17 (a) photo of prostate gel phantom with implanted strands containing LDR seeds.
(b) screenshot from visualization software showing reconstructed prostate volume co-registered
with the LDR seeds determined from the BrachyView probe. Seeds ladled A, B, C, and D in (a)
correspond to the labelled seeds in (b).
rithm [79]. However, figure 8.10(c) shows the background subtraction algorithm applied
to the last two implanted needles (i.e. last two frames), which highlight the current LDR
seeds that have been implanted on the imaging plane. The frame shows shadowing edges
from the previous projections due to the mismatch in the positioning of the projections
between frames as the probe is removed and reinserted for the next implantation. This
has been corrected for by shifting the first frame (x + 1, y + 4) pixels to align the frames,
however, the procedure could not completely align the two frames. This may be caused
by a slight rotation of the probe during reinsertion after each needle is implanted.
A maximum discrepancy of 1.78 mm was observed between the BrachyView and CT
determined seed positions, with 75% of the seeds reconstructed within 1 mm of their
nominal location. Figure 8.16 shows a histogram of the discrepancy between the recon-
structed seed positions and the CT determined seed locations in the x, y and z directions.
The discrepancies between the two data sets in the z direction showed that all recon-
structed positions are in agreement within submillimeter accuracy. Discrepancies in the
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x direction showed 68% within 1 mm, with the y-direction having the largest difference
between the two datasets of 1.78 mm.
Figure 8.17(a) shows a photo of the prostate gel phantom with the implanted seeds
within the strands, whilst figure 8.17(b) shows a screenshot of the reconstructed prostate
volume co-registered with the LDR seeds determined from the BrachyView probe. The
seeds that are labelled from A to D in both images represent the same seeds. Table 8.2
shows the measured dimensions (width, height, length) of the prostate gel phantom from
the CT dataset and reconstructed TRUS images. The table also shows the phantom
specifications taken from the CIRS prostate gel phantom documentation [3].
Table 8.2
Volume dimensions of prostate gel phantom measured using CT data and TRUS reconstructed
images. Gel phantom dimensions taken from the CIRS prostate gel phantom documentation [3].
Width (mm) Height (mm) Length (mm)
CT 44.8 ± 1.0 41.2 ± 1.0 52.0 ± 1.0
TRUS 45.0 ± 0.6 41.0 ± 0.6 53.0 ± 0.6
Gel phantom 45.0 40.0 50.0
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8.3 Discussion
The major source of error in the reconstruction is caused by the accuracy in locating
the positions of the pinholes relative to the defined coordinate system (corner of the last
Timepix chip), and the ability to accurately calculate the CoM of the seed projections.
An error of 0.1 mm of the pinhole location in the x or y-direction results in an offset
in the reconstruction of ± 0.56 mm. This error is smaller in the z-direction with an
uncertainty of ± 0.27 mm based on the model for uncertainty estimation developed
in [70].
The seed locations determined by the CT data set were found by determining the centre
of mass of the seeds from the CT slice set. The slice resolution of 1 mm (0.5 mm over-
lap) limited the accuracy in locating the centre of the seed, particularly in the y direction,
contributing to the larger variation in that direction. In addition, seed movement within
the gel phantom was observed due to the mechanical compression of the gel during the
insertion of the probes, contributing to the discrepancies between the two datasets.
The processes of inserting and removing both the ultrasound and BrachyView probes
caused the prostate gel phantom to change shape and move along the y direction, causing
the previously implanted seeds to move slightly. This scenario replicates on a smaller
scale organ motion associated with the compression of the prostate gland due to the
needle’s implantation is likely to occur, even if the TRUS probe is not removed. How-
ever, a real prostate experiences motion and deformations including tissue oedema on a
much larger scale that cannot be simulated by the gel phantom. Since the reconstruc-
tion is performed frame by frame, once the seeds have been reconstructed and the next
set of needles have been implanted the previous set of reconstructed seeds positions
may require a correction for if volume deformations occur during delivery. Volume per-
turbation due to swapping of the TRUS and BrachyView probes could be mitigated by
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adopting a rigid thin wall plastic pipe into which the probes can slide without deforming
the internal volumes.
The Ultrasound slices of the prostate gel phantom were successfully reconstructed to the
volumetric size of the physical prostate gel phantom using the developed software. This
was validated by measuring the dimensions of the prostate using the CT dataset shown
in table 8.2. The reconstructed TRUS images showed excellent agreement with the CT
measured dimensions of the prostate with an accuracy of less than 1 mm. Both CT and
TRUS datasets showed good agreement with the CIRS prostate phantom specification
within 2 mm in each dimension (width, height, length).
The urethra and seminal vesicles in the prostate phantom were clearly visible in the
visualisation software, as well as the outlines of the prostate volume. The rigid body
transformation of the BrachyView and CT coordinate systems into the TRUS coordi-
nate system was successfully achieved. The LDR seed models generated in the soft-
ware show all 30 seed locations within the prostate structure of the gel phantom. From
figure 8.17, it is clear that they lie in the expected positions relative to the prostate, thus
validating the accuracy of the rigid body transformation as well as the accuracy in the
BrachyView probe to reconstruct the seed positions.
Figure 8.14 (a) and (b) show isodose curves taken at slices y = 30 mm and y = 35 mm rel-
ative to the BrachyView coordinate system. These regions contain most of the implanted
seeds, and show minimal discrepancies between the two isodose curves. However, the
discrepancies between the isodose curves become more significant at the edge of the
prostate volume. Figure 8.14 (c) shows the isodose curves taken at slice y = 50 mm
where a small number of seeds have been implanted. This larger discrepancy is caused
by a steeper dose gradient in the x, y and z directions at the edges of the prostate vol-
ume adding to the difference in isodose curves. The DVH in figure 10 showed minimal
discrepancies between BrachyView and CT data sets with 0.13% agreement between
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the two volumetric data sets at V100. V100 showed a discrepancy of 0.604 cm3 be-
tween the CT and BrachyView derived 3D seed distribution. A difference of 4.628 Gy
was observed between the two seed distributions at D90. Although D90 shows a very
significant difference, the calculation of D90 is based on the volume of the CT data
overlaid with the volume from the BrachyView data. Small seed discrepancies cause a
large volumetric difference between the two data sets. This dose study reveals the im-
portance of seed placement accuracy, with small misplacements leading to significate
dose differences given to the prostate volume.
The next important step in the development of BrachyView is to 3D print a TRUS probe
model made from sterilisable plastic and embed the BrachyView system inside of it.
The BrachyView probe would then be able to be inserted into the TRUS stepper unit
and allow a mechanical co-registration between the BrachyView and TRUS systems,
eliminating the use of CT for mechanical registration verification. This would also min-
imise the mismatch in frames due to positional and rotational discrepancies between
each image capture and eliminate the shadowing edges from the previous projections
when implementing the background subtraction algorithm. Other methods, such as fus-
ing BrachyView and TRUS into a single probe are being investigated, which would be
the ideal setup and improve overall procedure effectiveness. A full clinical plan will be
implemented, to assess the number of seeds that can be detected and reconstructed with-
out image overlaps or poor SBR. This study will look into investigating tomosynthesis
caused by implantation of multiple seeds with a limited number of projections [80, 81].
The seed matching-based reconstruction algorithm will be improved upon by examining
seed projection matching based on prior information such as the expected positions
from the TPS, this will allow the development of an automated segmentation algorithm.
Acquisition times for seed imaging will be assessed to allow for fast reconstruction of
seed positions, prior to the deployment of the seeds from the needle. This assessment
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will demonstrate the advantages during intraoperative treatment, allowing the clinicians
to correct for seed placements in real-time.
8.4 Conclusion
In this chapter a LDR treatment plan was delivered into a tissue equivalent prostate gel
phantom, with the LDR seeds reconstructed using the developed prototype probe. The
reconstructed seed positions measured by the BrachyView probe demonstrate agree-
ment with seed positions estimated by using CT scan with a maximum discrepancy of
1.78 mm. It was observed that 75% of seed positions were reconstructed within 1 mm
of their nominal location. The developed visualisation software provided a successful
3D interactive scene that fuses the TRUS images with the BrachyView reconstructed
seed locations. The BrachyView system has shown its ability to reconstruct LDR seeds
within a tissue equivalent prostate gel phantom, and combined with TRUS, to provide
both anatomical and seed positioning information without a need for an external irradi-
ation for seed imaging. The dose study was performed to establish and to evaluate the
effect of reconstructed seed locations on the estimated delivered dose. Isodose curves
showed an agreement between the two data sets with larger variation in regions where
seed location discrepancies were larger and implanted seeds were few. The DVH calcu-
lation showed a small variation between V100-V50, with V100 showing a discrepancy
of 0.604 cm3 between the CT and BrachyView derived 3D seed distribution.
Future improvements to the system involve implementing a real-time reconstruction
algorithm embedded into the visualisation software, providing seed positioning infor-
mation in real-time and aiming to assist for intraoperative dynamic treatment planning
in LDR brachytherapy.
Chapter 9
Conclusion and Future Work
9.1 Conclusion
Two prototype in-body gamma camera systems for seed tracking in LDR and HDR
prostate Brachytherapy have been successfully developed. A BrachyView software in-
terface that communicates with the BrachyView probe and performs real-time recon-
struction of the Brachytherapy seeds has also been developed, along with a clinical 3D
visualisation software, to provide anatomical information of the prostate volume and
seed positioning information within a single interface. The devices and software inter-
faces were evaluated experimentally using a clinical treatment plan delivery to a tissue
equivalent prostate gel phantom.
Chapter 2 discussed the current literature in the field of prostate Brachytherapy, describ-
ing prostate cancer and the standard treatment methods used at the present. A review
of all major seed verification and imaging tools was presented as well as current state-
of-the-art dosimetric quality assurance studies. Pinhole camera and collimator designs
were also presented and extended upon in Chapter 3. In this chapter, two proposed
collimator designs for the prototype BrachyView probes were characterised in terms of
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FoV, radiation sensitivity, and spatial resolution using analytical modelling. An analyti-
cal model describing the penetrative sensitivity for a single cone pinhole collimator was
derived; this model was validated using Monte-Carlo simulations in Chapter 4. Addi-
tionally, simulations were performed on the two proposed collimator designs to evaluate
their sensitivity to photon detection, as well as spatial resolution. It was determined that
the double cone shaped design was most suited for the HDR BrachyView probe, whilst
the single cone pinhole design provided the best compromise in sensitivity and resolu-
tion for the LDR BrachyView probe.
A real-time acquisition software and a clinical visualisation interface have been success-
fully developed and were discussed in Chapter 5. The acquisition software architecture,
reconstruction, and imaging possessing algorithms have been developed to communi-
cate directly with the BrachyView probe, with the real-time reconstruction algorithm fo-
cused on HDR BrachyView. The visualisation software was successfully implemented
as a standalone 3D interface, capable of displaying prostate anatomy from TRUS imag-
ing and combined with BrachyView to fuse seed positions within the volume. The
real-time acquisition software was validated experimentally in Chapter 6 using an 192Ir
source and tissue-equivalent solid water blocks. In this chapter, the prototype HDR
BrachyView probe was introduced and the Timepix detectors were calibrated in terms
of energy response and uniformity across each chip. A non-uniform response was ob-
served at the edges of each chip, which was corrected for by applying a flat field mask
over the Timepix frames using a flat beam of photons from a superficial orthovoltage
machine.
A small HDR treatment plan was used to test the acquisition software, and was vali-
dated with the planned source positions determined from a CT scan of the experimental
configuration. Results showed excellent reconstruction accuracy to within 1 mm of the
planned source positions in the x-, y- and z-axis. The experiment also showed limita-
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tions in the dynamic thresholding algorithm, with the software falsely processing pro-
jections due to penetrating high intensity pixel counts on the Timepix detector. Based
on this outcome, the processing algorithm was improved by adding additional logical
operators such as projection shape to rule out false projections during acquisition.
A clinical evaluation of HDR BrachyView was performed in Chapter 7. The visualisa-
tion software was used to fuse the TRUS images of the prostate and the BrachyView
reconstruction dataset into a single coordinate system, providing anatomical informa-
tion of the prostate as well as source dwell positions. Results showed that 78% of
reconstructed positions fell within 1 mm of the planned locations from the CT and TPS
dataset. Large discrepancies in z above 2 mm were determined to be caused by catheter
shifts during moving the experiment into the delivery room, inserting the channels from
the HDR afterloader, and motion of the afterloader wires during delivery. The temporal
resolution of the FitPIX readout system was also investigated; this system was not able
to reconstruct dwell times of less than 0.3 seconds due to the dead time of the Timepix
combined with the slow readout interface over USB 2.0. A delay of approximately 200
ms was measured, resulting in a minimum frame rate time of 0.3 seconds per frame for
a quad Timepix assembly.
A clinical study using 30 125I seeds was also performed and discussed in Chapter 8.
All thirty seeds were successfully reconstructed with a tissue-equivalent prostate gel
phantom with approximately 75% reconstructed to within their planned positions. Fu-
sion between TRUS and BrachyView was successfully achieved using the developed
visualisation software.
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9.2 Recommendations for Future Work
Improvements to the hardware of HDR BrachyView are required to allow the system to
be used clinically during treatment. A redesign of the quad detector assembly is needed
to allow the sensors to be bonded at the centre of the PCB, opposed to the current off-
centre bonding. This has been investigated and shown to be possible upon economic
considerations. This would reduce the probes outer diameter to 25 mm and also centre
the pinholes on the probe.
Improvements to the reconstruction software, in particular, the image processing class,
are required to allow for a more robust real time reconstruction algorithm. Since all
pinholes are aligned along the x axis, projections are expected along this axis. Thus,
an implementation of such an algorithm that introduces a function comparing each pro-
jection relative to the next along the x axis would reduce false projections. A faster
readout system is needed, which is currently available, to allow the HDR system to re-
solve and reconstruct dwell positions less than 0.3 seconds. This a currant limitation of
the system.
Improvements to the hardware for LDR BrachyView are minimal. The size is acceptable
for a clinical probe with a symmetric pinhole design producing an excellent SBR. How-
ever, a real-time reconstruction algorithm is needed to complete the LDR BrachyView
system. A modified version of the HDR software was developed by removing the im-
age processing class and using the reconstruction method. Improvements to the soft-
ware would require a redevelopment of the image processing class, to make it capable
of segmenting and labelling the projections in real-time before reconstruction. The 3D
visualisation software also requires improvements in visualisation. A 2D slice viewer
showing the ultrasound images and seeds along the transversal, sagittal, and coronal axis
would allow a more detailed and clearer view of relative seed positions to the anatomy
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of the prostate.
Implementing TG-43 isodose calculations overlaid on the ultrasound slices would com-
plete the visualisation software. A study combining BrachyView and TRUS into a single
probe is recommended, allowing for a single tool for treatment planning, delivery, and
quality assurance.
The BrachyView system (hardware and software) has been shown to be a very effective
tool then combined with TRUS. It provides a single interface with anatomical, seed, and
dosimetric information in real-time, without the need for external imaging that would
include additional, unwanted dose and also increase clinical treatment time.
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